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INTRODUCTION 


The origin of our present beliefs about respiration is 
universally found in the work of Antoine Laurent 
Lavoisier (1743-1794). In spite of this fact, the 
examination of his role in the history of physiology is 
limited by and large to discussions of animal heat and 
metabolism. While no one would doubt the enormous 
importance of his contributions on these subjects, they 
are not the sum and substance of respiratory physi- 
ology. The term respiration encompasses a variety 
of phenomena in addition to animal heat. The for- 
mation of blood from chyle, tissue from blood, bright 
red from dark blood, waste (CO;) from fuel (C, Oz), 
and quantities exhaled from gases inhaled were sub- 
jects commanding the interest of respiratory physi- 
ologists in the period. These topics relate to one 
another and stood together as a locus of research inde- 
pendent of Lavoisier's interest in animal heat. While 
it is true that students of animal heat found it difficult 
if not impossible to carry on their work without re- 
ferring to these problems, the converse need not 
follow. Students of "respiration proper" could have 


* This investigation was supported in part by a Public Health 
Service Fellowship 5F1-GM-32,878-02, General Studies Divi- 
sion. An abstract of this paper was read at the History of Sci- 
ence Society Annual Meeting, Toronto, 1967. 
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and in fact did immerse themselves in research which 
neither drew upon nor referred to the now famous dis- 
cussions of animal heat. Such indifference makes 
little sense from the vantage point of hindsight and 
our knowledge that Lavoisier began a new era for 
physiology. Nonetheless, this insularity did exist. 
The Edinburgh medical chemist John Murray (d. 1820) 
documented this propensity toward insularity in 1801. 
According to Murray, Lavoisier's theory of animal 
heat was “. . . independent on [sic] any particular 
theory of respiration.” ! 

The present study is an historical appraisal of the 
importance of blood color, the respiratory quotient, 
the site of respiration, and the products of combus- 
tion—taken as a whole—for the formation of respira- 
tory theories in the nineteenth century. Henceforth 
these factors, in their interrelatedness, will be re- 
ferred to as "respiration proper." The inclination 
toward viewing physiological constructs as inter- 
related was not unique to respiration during the first 
half of the nineteenth century. The quest for a 
system of physiology carried over from eighteenth- 
century natural philosophy. It was not until after 
mid-century that the tremendous increase in factual 
knowledge following specialization proved to be in- 
compatible with the broad generalizations of the pre- 
vious century. In the case of respiration, Lavoisier's 
successors often chose one aspect of the great chemist's 
work as a starting point for their own investigations 
of respiration. Whether their primary interest was 
the site of carbon dioxide formation or the respiratory 
quotient, they tended to draw conclusions about other 
aspects of respiration by inference or implication. 
Frequently they attempted to incorporate their new 
data into other established branches of physiology. 
The results of respiratory research were expected to. 
blend harmoniously with accepted explanations of 
digestion and secretion. Arguments pushed to their 
logical conclusions decided the fate of fact as well as 
theory. Hence, the problems encompassed in “‘res- 
piration proper" were not only scientifically related 
but related by the desire for a harmonious, systematic 
physiology. 'The new chemistry and its methods were 
no immediate panacea. Often the incomplete state 
of chemical knowledge, when used as the measuring 
rod of truth, simply shifted the basis for acceptable 
speculation. 


! John Murray, Elements of Chemistry (2 v., Edinburgh, 1801) 
2: p. 334. 
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Lavoisier’s concept of an internal combustion be- 
tween inspired oxygen and the substance of an orga- 
nism was the fundamental rock upon which later 
scientists built a theory of respiration. The path 
between Lavoisier’s combustion experiments and the 
modern theory of respiration, however, was far from 
the straight and narrow portrayed by later nineteenth- 
century scientists. Lavoisier’s research did not solve 
the problems facing his followers. Instead it opened 
the proverbial ‘Pandora’s Box’’ concerning respira- 
tion.?^ An examination of research on “respiration 
proper" reveals that Lavoisier's researches on these 
topics were not sufficiently physiological in their ex- 
planatory power. It was Lavoisier’s interest in 
applying chemistry to biology rather than his con- 
clusions about biology which brought the problems of 
respiration to their present state of resolution. It is 
hoped that this paper will demonstrate that modifica- 
tion and even temporary rejection of Lavoisier’s bio- 
logical conclusions laid the groundwork for research 
on the physiological aspects of respiration and that 
“respiration proper’’ was a more important focal point 
for research during the period discussed than the 
themes of animal heat and metabolism. 


LAVOISIER ON RESPIRATION 


In 1780 there appeared a short treatise by Lavoisier 
on the respiration of animals? Relying upon the 
earlier work of Joseph Priestley and Joseph Black, 
Lavoisier conceived of equating the respiratory process 
with his new system of chemistry. The result was a 
respiratory theory commonly referred to as the com- 
bustion theory: 


Les mémes effets, les mémes phénoménes se retrouvent, 
comme on. vient de le voir, & dans la calcination des 
métaux & dans la respiration des animaux; toutes les 
circonstances sont les mémes, jusqu'à la couleur des 
résidus:.ne pourroit-on pas en induire que la couleur 
rouge du sang est dûe à la combinaison de l'air éminem- 
ment respirable, ou plus exactement, comme je le ferai 
voir dans un prochain Mémoire, à la combinaison de la 
base de l'air éminemment respirable avec une liqueur 
animale, de la méme maniére que la couleur rouge du 
mercure précipité rouge & du minium est dde à la combin- 


2 Ibid., pp. 326-335; A. Bethe, "Allgemeines und Vergleichen- 
des," Handbuch der normalen und pathologischen Physiologie. 
Bd. II Atmung (Berlin, 1925), pp. 1-2; Everett Mendelsohn, 
Heat and Life: The Development of the Theory of Animal Heat 
(Cambridge, Mass., 1964), p. 164. 

$ [A.] Lavoisier, "Experiences sur la respiration des animaux,” 
Mém. Acad. Sct. Paris, 1777 (1780), 2: pp. 185-194. The date 
in parentheses is the year in which the delayed volume appeared. 
The paper was read in May, 1777. All of Lavoisier's works on 
respiration suffered similar delays in publication. In no case, 
however, did the presentation or publication order vary from the 
order indicated by the volume date. See Denis Duveen and 
Herbert S. Klickstein, A Bibliography of the Works of Antoine 
Laurent Lavoisier, 1743-1794 (London, 1954), and Maurice 
Daumas, Lavoisier Théoricien et. Expérimentateur (Paris, 1955), 
chap. II. Once introduced, each paper will be cited by date of 
periodical in the interest of simplified references. 
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aison de la base de ce méme air avec une substance 
métallique ?4 


The analogy between chemical combustion and 
respiration extended to the color change which venous 
blood undergoes when it passes through the lungs 
and becomes arterial. Venous blood, like mercury, 
turned red on contact with oxygen. According to 
Priestley, blood placed in a vacuum turned dark red 
and returned to its bright red, arterial color only on 
contact with dephlogisticated air or an atmosphere 
containing it. The volume of this atmosphere di- 
minished in the process of changing the color of blood. 
Lavoisier attributed this color change to the combina- 
tion of oxygen and blood. This famous quotation is 
commonly assumed to be his final view on the question 
of blood color; as will be shown, this is not the case. 
In establishing his new system of chemistry, it was 
important for Lavoisier to explain as many if not more 
phenomena than could a phlogistonist. Since Priest- 
ley had concerned himself with the color changes of 
blood, blood coloration was very important to 
Lavoisier in his early researches on respiration. 

Deciding upon the exact location of this combustion 
was a more difficult problem for the French chemist— 
a problem in biology of the highest order. In 1777 
Lavoisier conceived of two possibilities: the substance 
of the lungs or the cavity of the intestines.’ As he 
phrased the problem, either oxygen is completely con- 
verted into carbon dioxide on entering the lungs or 
oxygen is exchanged for carbon dioxide formed in the 
viscera and transferred to the lungs by the blood. At 
this early date he favored the latter alternative. In 
summing up his results Lavoisier drew three conclu- 
sions. Firstly, the blood absorbed some oxygen and 
gave arterial blood its bright red color.5 Secondly, he 
concluded that nitrogen was not utilized in respiration 
and remained passive, chemically speaking.  Thirdly, 
he concluded that only atmospheric oxygen was re- 
quired for respiration. The portion of the atmosphere 
remaining after an animal had respired in a closed 
vessel was identical to the atmosphere remaining after 
the calcination of a metal, providing the carbon 
dioxide formed in respiration is absorbed by caustic 
alkali. When oxygen (at this time called eminently 
respirable air) was added to calcined and respired 
atmospheres, the original properties of atmospheric 
gas are restored. Uncertain of the answers, Lavoisier 
formed no definite opinion on the source of the carbon 
dioxide and the exact fate of the oxygen within the 
body. 

Lavoisier's interests quickly shifted to the quanti- 


4 Ibid., p. 192. Adair Crawford's role in the history of respira- 
tion may be found in E. Mendelsohn, Heat and Life (1964); G. J. 
Goodfield, The Growth of Scientific Physiology . . . (London, 
1960); and A. Novak, ''Ideas on Respiration and A. Crawford,” 
Janus 47 (1958): pp. 180-197. 

5 Ibid., p. 191. 

è Ibid., pp. 191-192. 
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tative aspects of animal heat and metabolism. With- 
in the year he joined forces with the famous mathe- 
matician-astronomer, Simon de Laplace (1749-1827), 
in order to devise accurate calorimetric measurements 
of animal heat. They wished to determine whether 
the heat produced by a guinea pig exhaling a known 
amount of carbon dioxide was equal to the heat pro- 
duced by oxidizing a similar quantity of carbon. The 
comparison was made by measuring the amount of ice 
melted (over the same period of time) in each experi- 
ment. The results were not quanitatively equivalent. 
They obtained more heat from the respiring guinea 
pig than from the oxidized carbon.’ Lavoisier 
offered the feeble rationale that chilling effects of the 
ice increased the heat output of the guinea pig.? Of 
course were this true, the animal would have con- 
sumed more oxygen. 

A more persuasive solution arose when he “‘cor- 
rectly" discovered that animals exhale less carbon 
dioxide than the measured quantity of inhaled oxygen 
would predict? The missing oxygen provided 
Lavoisier with a new source of additional caloric. 
Appearing before the French Academy of Medicine in 
1785 Lavoisier stated: 


Il est donc évident qu'indépendamment de la portion 
d'air vital qui a été convertie en acide carbonique, une 
portion de celui qui est entré dans le poumon n'en est pas 
ressortie dans le méme état; et il en résulte qu'il se passe 
de deux choses l'une dans l'acte de la respiration, ou 


7 Lavoisier and Laplace, ‘Mémoire sur la chaleur," Mém. Acad. 
Sct. Paris, 1780 (1784), 2: pp. 404—405. The experiments were 
done during the winter of 1782-1783 and presented before the 
Academy in June, 1783. Based upon their previously deter- 
mined standard (1 oz. CO: melts 26.69 oz. of ice), the results were 
as follows: 


Source CO; produced Ice melted Time 
Carbon 224 grains 10.38 oz. 10 hrs. 
CO; i 13 oz.* ^" 


* Lavoisier reduced the figure two ounces as an allowance for 
the low temperature in the calorimeter which forced the animal 
to produce more heat in order to maintain its constant body tem- 
perature. He knew of course that this was not an answer to the 
dilemma. For a confirmation of this see the following comment 
by Séguin taken from [A. ] Séguin and [A.] Lavoisier, “Premier 
Mémoir sur la respiration des animaux," Mém. Acad. Sci. Paris 
1789 (1793), 2: p. 569: 

"Ces deux Physiciens [Lavoisier and Laplace] reconnurent 
qu'il se dégage des animaux, dans un temps donné, une quantité 
de calorique plus grande que celle qui devroit résulter de la 
quantité de gaz acide carbonique qui se forme dans un temps égal 
par leur respiration." A. Crawford was also disturbed by 
Lavoisier's explanation. See E. Mendelsohn, Heat and Life 
(1964), p. 156. 

8 Ibid., p. 401f. 

? Ibid., pp. 404—405: 





Experiment Oxygen Carbon Dioxide 
Guinea Pig 1 0.814 
Carbon 1 0.748 


Note well that the exchange is off even more for the pure carbon 
experiment. 
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qu'une portion d'air vital s'unit avec le sang, ou bien 
qu'elle se combine avec une portion d'hydrogéne pour 
former de l'eau. Je discuterai, dans d'autres mémoires, 
le motifs qu'on peut alléguer en faveur de chacune de ces 
opinions; mais, en supposant, comme il y a quelque lieu 
de le croire, que la derniére soit préférable, il est aisé, 
d'aprés l'expérience ci-dessus, de déterminer la quantité 
d'eau qui se forme par la respiration, et la quantité 
d'hydrogéne qui est extraite du poumon.” 


He now favored the latter proposition. This was a 
complete reversal of his position in 1777 on the ab- 
sorption of oxygen by the blood. His explanation 
for the coloration of arterial blood no longer held, nor 
did his alternative to the lung site." In 1777 Lavoisier 
implied that the amount of carbon dioxide produced 
was equal in amount to the oxygen consumed.? He 
assumed that biological combustion was not different 
from chemical combustion; the input must equal the 
output. This assumption of a quantitative balance 
formed an integral part of his chemical research, and 
it was carried over into his physiology. After 1785 
the balancing of this equation included the formation 
of water as a process of respiration. The inclusion of 
water formation provided Lavoisier with the addi- 
tional source of heat his theory required. Therefore, 
when Séguin and Lavoisier returned to the subject of 
animal heat in 1789, they professed that hydrogen as 
well as carbon combined with the inspired oxygen. 
Lavoisier thus fulfilled his desire to provide a full 
accounting for the volume of inhaled oxygen and an 
adequate chemical explanation of animal heat. The 
moisture in expired air as well as carbon dioxide had 
a chemical origin. The input had to equal the output; 
the oxygen consumed had a precise quantitative re- 
lationship with the water and carbon dixode exhaled.!? 


w “Mémoire sur les Altérations qui Arrivent à l'Air dans 
Plusiers Circonstances où se Trauvent les Hommes réunis en 
Societé," Hist. Soc. Roy. Med. 1782-83 (1787): pp. 569—582. 
According to Mendelsohn, Heat and Life (1964), p. 152, Lavoisier 
was unsure of the choices. As reprinted (unchanged) in Ouvres 
De Lavoisier publiées par les soins De Son Excellence Le Ministre 
de l'Intruction Publique et des Cultures. Tome II. Mémoires De 
Chimie et De Physique (Paris, Imprimerie Impériale, 1862), p. 
dd i preference seems clear enough. See also 1789 Mém.: 
p. 569. 

11789 Mém.: pp. 577-578. 

P [777 Mém.: pp. 191, 193-194. 

18 Séguin and Lavoisier, 1789 Mém.: p. 569. After explaining (1) 
Lavoisier's results of 1777 and (2) Lavoisier's suggested solution, 
i.e., the formation of water, Séguin wrote:  . . . ce qui explique 
parfaitment bien le phénoméne observé par MM. de la Place de 
Lavoisier"; see also p. 570. Exactly balanced input-output 
figures appear in Séguin and Lavoisier, "Premier Mémoire sur la 
transpiration des animaux," Mém. Acad. Sci., Paris, 1790 (1797), 
2: p. 609; read in 1790.  Lavoisier's difficulties are revealed in 
the few calculations of this 1790 paper. The oxygen consumed 
forms only water and carbon dioxide (the volumetric data). No 
exact accounting is given in the portions involved by weight. 
No mention is made of blood color or of oxygen used to color it. 
Note that the water of transpiration does not enter into the cal- 
culations of oxygen consumption but only in the calculations of 
weight loss. Was this water formed from a dietary source, 
innate, organic, or was it produced by combustion? If the latter 
is the case, does it contribute to body heat? Further study is 
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He thought that carbon and hydrogen released from 
the digestive system were carried to the lungs by the 
blood. This digestive source for carbon and hydrogen 
brought Lavoisier to a consideration of the metabolic 
role of respiration. He observed that the consump- 
tion of oxygen increased during digestion, physical 
exercise, and on exposure of the body to cold. The 
consumption of oxygen also varied from person to 
person and with their state of health.4 As a direct 
result Lavoisier formulated the very beginning of 
modern metabolic science by correlating several physi- 
ological functions of the body in the terms of the new 
chemistry : 


En rapprochant ces réflexions de résultats qui les ont 
précédées, on voit que la machine animale est principale- 
ment gouvernée par trois régulateurs principaux; la respira- 
tion qui consomme de l'hydrogéne et du carbone, et qui 
fournit du calorique; la transpiration qui augmente ou 
diminue suivant qu'il est nécessaire d'emporter plus ou 
moins de calorique; enfin la digestion, qui rend au sang 
ce qu'il perd par la respiration et la transpiration.!? 


Lavoisier and Séguin continued to develop this con- 
cept, but from 1785 onwards respiration is given a 
specific anatomical locus—the lungs: 


La respiration est donc une combustion, à vérité fort 
lente, mais d'alleurs parfaitement semblable à celle du 
charbon; elle se fait dans l'intérieur des poumons . 
la chaleur développée dans cette combustion se com- 
munique au sang qui transverse les poumons. . . l6 


However, Lavoisier was a cautious and honest 
scientist. He readily and often admitted that his 
selection of the lung site could not be verified by the 
experiments he had performed. Lavoisier was deeply 
concerned with his lung-site hypothesis. That he 
wished it to be upheld there is no doubt; he specifically 
mentioned it often. It added a certain assurance to 
his research. The lung site gave a rounded balance 
to his tripartite metabolic theory; each function had 
its own specific organ. Needless to say, centuries of 
identification of the lungs with the act of respiration 
and Crawford's choice of the lungs must have con- 
tributed to his selection. Perhaps the knowledge that 
active digestion increased the consumption of oxygen 
kept him from feeling completely at ease with his 
choice of the site of combustion." 


needed to determine the connection between these data and Jus- 
tus von Liebig's concept of heat versus protein-forming metabolic 
reactions. G. Goodfield, op. cit., see fn. 4 above: pp. 57-58, 
maintains that Lavoisier still allowed some oxygen to enter the 
blood. I could not verify her reference to his 1789 Mém. 

M 1789 Mém.: pp. 575-516. 

15 Ibid., p. 580; Mendelsohn, Heat and Life (1964), pp. 160, 
162. 

16 Lavoisier and Laplace, 1780 Mém.: p. 406; see also Oeuvres 2: 
p. 680; Séguin and Lavoisier, 1789 Mém.: p. 577; 1790 Mém.: 
pp. 601, 606. 

17 Séguin and Lavoisier, 1789 Mém.: p. 583. E. Mendelsohn, 
in "The Controversy over the Site of Heat Production in the 
Body," Proc. Amer. Philos. Soc. 105 (1961); p. 417, agrees that 
although Lavoisier kept'an open mind, he favored the lungs. 
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In his last memoir on respiration (1790), Lavoisier 
decided in favor of the lung site on the grounds of 
causal simplicity. He supported his theory of animal 
heat by the inclusion of water formation in the lung. 
As a consequence of his concern for animal heat, he 
wished that the agents that combine to produce it be 
known and measured. If this could not be done, his 
theory of animal heat would appear to be highly 
speculative. To admit the intestinal site would be a 
step into the unknown.? In short, Lavoisier 
earnestly pursued the question of animal heat at the 
expense of studying respiration itself. "The site of for- 
mation of carbon dioxide, in spite of his hedging, was 
the lung. The concept of a direct but slow combus- 
tion was tremendously important for the calorimetric 
studies of metabolic and respiratory input and output. 
Yet it was not sufficiently subtle to incorporate the 
physiological problems which fascinated the medically 
inclinded. The color change of blood during pul- 
monary transit, emphasized in 1777, was never again 
closely examined by Lavoisier in a published source. 
His suggestion of a balanced input and output pre- 
cluded an oxygen supply especially for blood—logi- 
cally if not actually. | 

If Séguin's opinion can be taken as that of 
Lavoisier's, the color of arterial blood was no longer 
due to oxygen present in blood but to the removal of 
a darkening agent from the venous blood, i.e., hydro- 
gen. In 1790 Séguin wrote: 


Le sang artériel éprouvant donc le méme changement 
de couleur dans les veines capillaires que lorsqu'il est 
expose au gaz hydrogéne, on peut conclure, avec M. 
Lavoisier et le docteur Crawford, . . . que le changement 
de couleur que le sang éprouve dans les veines provient 
de sa combinaison avec ce principe. 

Qu'en passant au travers les poumons, le sang aban- 
donne une partie de l'hydrogéne qu'il contenait et qu'il 
prend alors sa couleur vermeille.’9 


'The removal of a darkening agent instead of the addi- 
tion of a brightening agent was the most logical choice 
for a lung-site theory of respiratory combustion. It 
was for this reason that so many later experimenters 
concluded that the dark color of the venous blood was 
due to carbon carried from the digestive system. This 
was Joseph Black's explanation of the dark color of 
the venous blood.? It was suited to the common 


18 Séguin and Lavoisier, 1790 Mém.: p. 607; see my comments 
in fn. 13. 

19 [A.] Séguin, 'Second Mémoire sur le calorique,” Ann. de 
chimie et phys. 5 (1790): p. 267. 

20 Joseph Black's Lectures on the Elements of Chemistry were 
published by his student, John Robison, in London at the begin- 
ning of the nineteenth century. In the second volume (American 
edition, 1806) Black is noted to have said (p. 243): "In proportion 
to the quantity of this acid which air contains [fixed air or CO; ], 
it is deficient in its due proportion of free oxygen gas, a part of it 
having been changed into carbonic acid, by meeting with carbone 
in the lungs." The idea according to Black had wide support. 
From my reading it indeed appeared to have been a common as- 
sumption. Black made similar comments in his 1767 lectures; 
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sense notion of the color difference between the 
arterial and the venous blood. Since few scientists 
accepted Lavoisier’s concept of water being formed in 
the lungs, the possibility of considering hydrogen as 
the cause of venous color was indeed slim. 


THE SITE OF RESPIRATORY COMBUSTION 


Despite apprehensions to the contrary, Lavoisier 
chose the lung site and rejected the possibility of com- 
bustion throughout the circulatory system or the 
viscera. The venous to arterial color change of blood 
and the respiratory site were jointly investigated in 
the first important objection raised against Lavoisier. 
Jean Hassenfratz (1755-1827), at one time a labora- 
tory assistant to Lavoisier, objected to his choice of 
the lung site of combustion. Allegedly he was re- 
porting on the hypothesis suggested by Joseph 
Lagrange.” However, one might speculate as to the 
possible role of politics and the French Revolution. 
Hassenfratz was expelled from the ''89 Club" of which 
Lavoisier remained a loyal member.  Hassenfratz 
became a fervent Jacobin and was quite successful in 
government circles after the Revolution. 

Hassenfratz believed that Lavoisier and A. Craw- 
ford were agreed in attributing the color change of 
blood passing through the lungs to the removal of 
hydrogen from the venous blood. His statement of 
their views is almost an exact copy of the quotation 
already cited from Séguin (1790).? Hassenfratz, on 
the other hand, was of the opinion that only oxygen 
colored blood bright red. In order to prove his con- 
victions, he filled two tubes with venous blood and 
hermetically sealed them to prevent contact with the 
atmospheric air. One tube was opened and exposed 
to pure hydrogen and the other to pure oxygen. The 
blood in contact with hydrogen turned brown, the 
venous blood in contact with oxygen turned bright 
red. "The question of blood color provided him with 
evidence for suggesting a new site of respiration. He 
argued that since venous blood (minus oxygen) was 
dark, and arterial blood (plus oxygen) was bright red, 
oxygen must enter the circulatory system. Com- 


see Thomas Cochrane, Notes From Doctor Black's Lectures of 
Chemistry 1767/8 (Cheshire, England, 1966), pp. 183-184. 

2 E. Mendelsohn, Heat and Life (1964), p. 171, n. 12. La- 
grange scholars can find no written evidence of this theory. Thus 
a segment of one of the most important revisions of Lavoisier's 
theory is, for the historian at least, unverified. 

2 Jean Hassenfratz, "Sur la combinaison de l'oxigéne .. . 
Ann. de chim. et phys. 9 (1791): p. 261: Sir Michael Foster, hee 
tures on the History of Phystology (London, 1901), p. 252. Foster 
saw no Significance in the blood color experiments of Hassen- 
fratz. Mendelsohn, Heat and Life (1964), p. 160, points to 
earlier discussions. 

23 Hassenfratz, Ann. de chim.9 (1791): pp. 269-270. The ex- 
periments, of course, are far from comparable. However, they 
were quite revealing given his propensity. Hydrogen neither 
further darkened venous blood nor made it bright red. The 
sample exposed to oxygen on the other hand gave him proof of 
the answer he was seeking. 
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bustion he concluded must therefore take place in the 
circulatory blood.4 Previously Christoph Girtanner 
(1760-1800) had measured the temperature of the left 
and right ventricles of the heart and found the left 
about two degrees higher than the right. This seemed 
to indicate that some combustion occurred in the 
lungs. Hassenfratz reasoned that in order for the 
oxygen to dissolve in blood it would first have to 
liquefy. This change in state would release a certain 
amount of heat.?5 

Lagrange's contribution to the argument was an 
addendum to bolster the logic of Hassenfratz’s concern 
with the coloration of blood. Langrange suggested 
that if all of the heat were released in the lung and 
then distributed throughout the animal economy, the 
temperature of the lung would be such as to destroy 
itself? However, if the combustion took place 
throughout the whole of the circulation, the highly 
destructive temperature of the lungs would be 
avoided." Although the blood color question was 
experimentally verifiable and Lagrange's hypothe- 
sis a speculation, the latter became synonymous with 
the Hassenfratz-Lagrange interpretation—especially 
among investigators of animal heat. 

The objection was later brushed aside by Laplace 
who explained the lack of measurable heat in the lung 
on the basis of Black’s theory of latent heat.28 This 
was the route of escape taken by Crawford and em- 
ployed by Lavoisier. Some natural philosophers con- 
sidered Hassenfratz’s objection valid in spite of the 
latent heat theory.? While few scientists stated out- 
right that the combustion of oxygen took place in the 
blood, one can detect by the structure of their own 
discussion of respiration that the blood site was a 
common inference after 1791. 

Hassenfratz’s argument is interesting for it reveals 
the interlocking nature of unconscious assumptions 
so common to the period. He relied upon experiments 
on blood color to prove that oxygen entered the blood. 
Since oxygen did enter the blood, he reasoned most of 
the combustion must take place there. The argument 


24 Ibid., pp. 270-271. 

25 Ibid., pp. 272-273. 

26 David Keilin, The History of Cell Respiration (Cambridge, 
1966), pp. 31-32: "It may be of interest to mention that almost 
a century later, Berthelot (1889) reexamined Lagrange's state- 
ment and, by taking into account the rapidity of the circulation 
and the great volumes of air and blood present in the lungs, he 
was able to calculate that, even if all the heat of the body were 
evolved in the lungs, the temperature of these organs would be 
raised by no more than a fraction of a degree. Although Berthe- 
lot dismissed Lagrange's statement as being based on a wrong cal- 
culation, he nevertheless agreed with his general conclusions, 
remarking that it was not the only time in the history of science 
that a valueless argument gave rise to the important discoveries." 

?! Hassenfratz, Ann. de chim. 9 (1791): p. 266; for discussion of 
various tactics to evade a high lung temperature see Mendelsohn, 
Heat and Life (1964), pp. 138-142, 160-162. 

28 Ibid., p. 267. 

? William Brande, “A Concise View of the Theory of Respira- 
tion," Jour. Nat. Phil. (Nicholson) 9 (1805); pp. 83-84. 
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is valid only if one assumes, like Lavoisier, that all the 
inhaled oxygen was consumed in the formation of 
carbon dioxide or some other known substance such 
as water. This would leave no free oxygen available 
to color the blood. If this were not the case, the 
simple statement made by Lavoisier in 1777 on the 
cause of blood color would be a sufficient negation of 
the very basis of the Hassenfratz-Lagrange hypothe- 
sis. Almost immediately evidence began to accumu- 
late which favored this hypothesis. Following ex- 
periments on breathing a variety of oxygen-free 
atmospheres Sir Humphry Davy (1778-1829) 
concluded: 


Hence it appears possible that all the carbonic acid 
evolved from the lungs during the respiration of nitrous 
oxide or hydrogene could have been produced by the 
combination of charcoal in the venous blood with residual 
atmospheric oxygene: there is consequently every reason 
to believe that it is wholly or partially liberated from the 
venous blood through the moist coats of the vessels.?? 


The experiments of Abbé Lazare Spallanzani (1729- 
1799) provided even stronger support for the Hassen- 
gratz-Lagrange hypothesis?! He had shown that 
lower forms of life and bits of mammalian tissue 
consume oxygen and give off carbon dioxide in the 
absence of a pulmonary support system.? The 
obvious conclusion according to Spallanzani was that 
the lungs are not necessary for the absorption of 
oxygen or for the production of carbon dioxide.? 
Spallanzani's work is usually associated with a proof 
for the tissue site of animal combustion although not 
without inconsistencies and ambiguities which are 
difficult to explain. If one assumes that his proper 
motive was to refute the lung site of respiration, his 
work takes on a greater sense of consistency and 
coherence.*4 

By and large Spallanzani limited his conclusions as 
to what he thought could be directly inferred from ex- 
perimentation. As an empiric, he refused to dis- 
regard the small amounts of carbon dioxide released 
by his dead and living specimens when placed in 
oxygen-free atmospheres. Jean Senebier (1742-1809), 


3 Sir Humphry Davy, Researches, Chemical and Philosophical; 
Chiefly concerning Nitrous Oxide . . . and its Respiration (Lon- 
don, 1800), p. 422; see p. 389 for a similar statement. 

81 For a more extended treatment see my article ‘Tissue Oxi- 
dation and Theoretical Physiology: Bernard, Ludwig and 
Pflüger," Bull. Hist. Med. 44 (1970): pp. 109-113. 

? Lazare Spallanzani, Mémoires sur la respiration, tr. into 
French by Jean Senebier (Genève, 1803), pp. 69-70, 73, 86. 

8 Ibid., p. 85: “. . . je me suis seulement proposé le but de 
vous montrer comment les animaux en vie consomment con- 
tinuellement le gaz oxygéne d'une maniére indépendante du 
poumon, et comment ils le détruisent de méme aprés leur mort." 
In his conclusion to this chapter he stated: ‘‘Les limagons morts 
comme les vivans détruisent le gaz oxygéne; d'oü résulte nécess- 
airement que les poumons ne sont pas la seule cause qui altére 
le gaz oxygéne, mais qu'il a d'autres parties dans l'animal qui 
produisent cet effet” (p. 185). 

4 He was not so clear on whether the tissues respire. 
pp. 187-188, 327 (pro) and pp. 343-344 (con). 


Ibid., 
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his close friend and editor, was not so reluctant to 
theorize. He refused to believe the carbon dioxide 
could form without a supply of oxygen. He therefore 
proposed that surplus oxygen was stored in the tissues 
as an emergency reserve. The combustion of this 
reserve oxygen accounted for the appearance of carbon 
dioxide in animals placed in nitrogen environments.?$ 
Humphry Davy had reached a similar conclusion 
about “blood bound" combustion. This storage or 
reserve concept was quite important in later discus- 
sions of respiration. In 1824 William Edwards 
(1777-1842), in 1830 C.-P. Collard de Martigny, and 
in 1832 William Stevens (1786-1868) took great pains 
to disprove it. Claude Bernard, as late as 1858, still 
held to the idea of a stored supply of oxygen. 

The scientific community became acquainted with 
Spallanzani’s experiments through William Edwards’ 
very popular On the Influence of Physical Agents on 
Life which first appeared as articles in the Paris 
Academy of Science, then as a French monograph 
(1824), and finally in an enlarged English edition of 
1832. W. Edwards (1777-1842) followed Spallan- 
zani?9 in stressing that carbon dioxide can be formed 
independent of the oxygen supply and that the lungs 
are not necessary for the production of carbon dioxide 
or the absorption of oxygen from the air.? 

He placed a frog in a glass bulb filled with hydrogen 
and sealed by a mercury bath; the frog continued to 
yield carbon dioxide. Edwards took care in these 
experiments to discredit Senebier's storage theory: 


Now this could not have proceeded from the air con- 
tained in the lungs; for, in plunging the animal under 
mercury in order to introduce it into the apparatus, care 
had been taken to compress the flanks so as to expel the 
air. This compression may be carried so far as to push 
the lungs into the throat where they may be seen abso- 
lutely free from air. Besides, these organs are so small 
that the quantity of carbonic acid which they can contain, 
would not be sensible to the ordinary eudiometers, when 
so large a volume of hydrogen is employed as was used in 


35 Senebier as stated in Spallanzani, Rapports de l'air (1807) 2: 
pp. 286-287: “Si l'on regarde le gaz acide carbonique produit 
par le poumon comme s'echappant tout formé hors du sang par 
l'expiration suivant l'opinion fondée de plusiers physiologistes, ou 
comme la combinaison du gaz oxygéne de l'air inspiré avec le 
carbone qui sort du sang, on peut concevoir de méme la formation 
due gaz acide carbonique qui s'échappe par la peau, ou par la 
combinaison du gaz oxygéne absorbé par elle et accumulé dans 
les muscles, ou par l'union du carbone s'échappant hors de la 
peau avec le gaz oxygéne; mais ce dernier cas seroit impossible 
aprés l'expérience que je veins de rapporter, puisqu'il n'y a point 
eu dans les atmosphéres des gaz hydrogéne et azote le gaz oxygéne 
nécessaire pour former le gaz acide carbonique que l'on y trouve; 
il faut donc qu'il y ait dans les muscles de l'animal des dépóts de 
gas oxygéne pour produire l'acide carbonique avec le carbone, et 
Spallanzani a bien montré comment il pouvoit y arriver." 

3$ William Edwards, Influence of Physical Agents on Life 
(London, 1832), pp. 240-241. 

37 Ibid., p. 243: '"When it [oxygen] is absorbed and carried into 
the blood, there is every reason to believe, that it contributes to 
the formation of carbonic acid, but the experiments which I have 
already detailed prove, that it cannot be the only source of the 
gas contained in the blood.” 
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the experiment. The carbonic acid was therefore entirely 
the product of exhalation.*® 

In applying [this] to the process of respiration in 
atmospheric air, all that can be fairly inferred from the 
proceeding experiments, we conclude, that at least a 
portion of the carbonic acid produced, is not the result of 
the immediate combination of the oxygen of the air with 
the carbon of the blood in inspiration, but is the product 
of exhalation.?? 


Edwards believed these exhalations originated in the 


blood: 


The oxygen which disappears in the respiration of 
atmospheric air is wholly absorbed. It is afterwards 
conveyed, wholly or in part, into the current of circulation. 
It is replaced by exhaled carbonic acid, which proceeds 
wholly, or in part, from that which is contained in the 
mass of the blood.” 


Edward's experiments—and by implication Spal- 
lanzani's—confirmed belief in the  Hassenfratz- 
Lagrange hypothesis. Spallanzani’s work was not 
forgotten; it was interpreted in the light of early 
nineteenth-century concepts and problems. 

Actually, three possible sites were given due con- 
sideration: the lungs, the blood, and the tissues. A 
few scientists still advocated the lung site,” especially 
Englishmen loyal to A. Crawford. John Dalton con- 
tinued to support Crawford and the lung site because 
of the concept that arterial blood had a larger heat 
capacity than venous blood.9 Thus, arterial blood 
was able to carry away the large amounts of heat 
formed in the lungs and to prevent them from be- 
coming excessively warm. Lavoisier, along with 
rapidity of circulation and transpiration, relied upon 
a higher arterial heat capacity to overcome the un- 
tenable situation of a lung temperature significantly 
above the temperature of the organism.“ J. Dalton 
quite legitimately argued that since there are dif- 
ferences in the heat capacity of arterial and venous 
blood there is no reason to move the site of heat 
production from the lungs. In 1815 John Davy 


38 Ibid., p. 233. 

9 Ibid., p. 238. 

9 Ibid., p. 242. Like Spallanzani, his "wholly, or in part" 
reflects ambivalence toward the site of respiration. 

41 William Stevens, Observations on the Blood (London, 1832), 
pp. 21-22: "Though the celebrated experiments of Dr. Edwards 
do not prove that the carbonic acid is merely exhaled in the lungs, 
yet there is one point of view in which I consider these experi- 
ments as of great value; for even if they stood alone, they are of 
themselves sufficient to prove the existence of the carbonic acid 
in the venous circulation: for from these experiments it is very 
clear that this acid is not formed in the lungs, by the union of the 
carbon of the venous blood with the oxygen of the air." 

2 For example see Nicolas Adelon, Physiologie de l'homme (3 v., 
Paris, 1823) 3: p. 439: Charles T. Thackrah, An Inquiry into the 
Nature and Properties of the Blood, enl. & rev. by Thomas Wright 
(London, 1834), p. 27; Mendelsohn, Heat and Life (1964), pp. 
166—167. 

4 John Dalton, “On Respiration and Animal Heat," [1806] 
Phil. Soc. Manchester, Mém. ser. 2, 2 (1813): p. 20. 

* Lavoisier and Laplace, 1780 Mém.: p. 406; Mendelsohn ‘‘Con- 
troversy over Heat," Proc. Amer. Philos. Soc. 105 (1961): p. 416; 
Mendelsohn, Heat and Life (1964), p. 150. 
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(1790-1868), brother of Sir Humphry, experimented 
with samples of arterial and venous blood and found 
no significant difference in the heat capacities of the 
two types. The famous biochemist, Jéns Berzelius, 
believed J. Davy had removed the major support of 
Crawford’s theory of respiration (and Lavoisier’s). 
Berzelius was in full support of the blood site of 
combustion.*® The lung site remained in textbooks 
as a fitting tribute to the authority of Lavoisier and 
as a concession to organized knowledge. A complete 
concensus on any one of the alternatives to the lung 
site required the resolution of the variables inherent 
in "respiration proper." 

The remaining alternatives, the circulatory system 
or the tissues, were not judged on the grounds of 
chemical combustion or even animal heat. Spal- 
lanzani and W. Edwards offered strong support for 
the blood site or more precisely what appeared to be 
sound evidence against the lung site. It has already 
been shown that Spallanzani's research was under- 
stood in an entirely different context than twentieth- 
century man tends to view it. The same can be said 
for the group who favored the blood site of com- 
bustion. They rejected the tissue site in favor of the 
blood for sound reasons. The strongest argument in 
favor of the blood site was the state of physiological 
knowledge itself. 

Blood, from antiquity to the very recent past, was 
the center of man's unique individuality, his genetic 
worth, and even his propensity for ethical behavior, 
or the lack of it. Blood underwent various coctions, 
ferments, and filterings in order to form the varied 
compositions of the body. This ''old" theory of 
physiology, humoral in character, received a great 
boost from the eighteenth-century revival of Hip- 
pocrates and the views of John Hunter (1728-1793). 
Humoral physiology remained viable although attenu- 
ated until the cell became a subject of research as 
well as thought. The assumption that blood was an 
intermediary—no longer chyle but not yet flesh— 
was in the crudest way all too common. The func- 
tion of respiration was to complete the transformation 
of chyle into blood** and to supply the animal with 
the nutritional elements peculiar to its needs. Still 
in its infancy, animal chemistry was essentially a 
study of the blood. For example, fibrin, first identi- 
fied by Antoine de Fourcroy (1710-1783) in 1785, 
was a major constituent of blood solids and muscle 
but could not be found in chyle. Fourcroy suggested 
that a vital force connected the humoral fibrin into 
flesh." "The conversion of chyle into fibrin however 
was believed to be a chemical change; specifically a 
reaction between chyle and oxygen (respiration).5 

*5 Culotta, op. cit., fn. 31 above, p. 111; Goodfield, Growth of 
Scientific Physiology (1960), pp. 77-79. 

46 4 System of Chemistry (4th ed., 5 v., London, 1810) 5: p. 737. 

47 W. A. Smeaton, Fourcroy Chemist and Revolutionary 1755- 


1809 (Cambridge, England, 1962), pp. 139—140. 
48 Ibid., pp. 139, 141; Culotta, op. cit., fn. 31 above, p. 112. 
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The site of respiration was not an isolated prob- 
lem but one which had implications for other physio- 
logical problems than respiration in the limited sense 
of term. Scientific methodology provided on one 
hand the closed bell jar, the thermometer, and the 
calorimeter and on the other hand the chemist’s 
scheme of analysis. Were the site of respiration 
unrelated to general physiology, the calorimeter, the 
thermometer, and the closed bell jar would have 
decided the issue. Instead scientists examining 
“respiration proper’ chose the tools of chemical 
analysis. Chemical techniques were better suited 
to their problems, they allowed physiologists to 
think along the lines of integrated functions, i.e., 
digestion and respiration, and perhaps provided 
answers which were the most stimulating. The end 
result is undeniable; the blood was consciously 
selected as the site of respiration. 

G. J. Goodfield (June Goodfield-Toulmin) and 
Everett Mendelsohn have suggested that animal heat 
is the predominant theme of driving force behind the 
unfolding of the history of respiration in the nine- 
teenth century. This theme does unite much of 
earlier research with the experiments of Lavoisier 
but falters as the nineteenth century gains momen- 
tum. Both scholars reach a point in their narratives 
where they must shift to blood gases and their 
analysis. By considering ''respiration proper" as 
the major theme of the post-Lavoisier period one 
gains a perspective on Lavoisier’s legacy (the re- 
action to his work as a system), a sense of that 
system’s meaning to the medically and chemically 
inclined investigator, a reason for the apparently 
sudden interest in blood gases, and a central theme of 
historial validity around which one can organize a 
half-century of research. Justus von Liebig and the 
science of metabolism are the true heirs of Lavoisier, 
not scientists concerned with ‘‘respiration proper." 
Publications on the measurement of animal heat 
simply do not apply to "respiration proper" and 
consequently were neither read nor cited. 

Spallanzani's research is an important example of 
this tendency. Heat production or the location of 
heat production may quite justifiably be considered 
the modus operandi for locating respiratory activity. 
Yet it is equally valid to search for the site of respi- 
ration by examining the pathways of oxygen in the 
body, the origin of carbon dioxide, or the mechanisms 
of blood formation and digestion. In each case one 
asks questions about the function of respiration but 
for entirely different reasons. The same thing can 
be said concerning the site of respiration and the fate 
of oxygen. They too become separate questions if, 


49 G. Goodfield, The Growth of Scientific Physiology (1960): pp. 
80, 114; E. Mendelsohn, Heat and Life (1964): pp. 171, 174, 176, 
183, and also his ‘‘The Controversy over the Site of Heat Produc- 
tion in the Body," Proc. Amer. Philos. Soc. 105 (1961): p. 419, 
in which the author states that the question of heat became the 
question of gases in the blood. 
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let us say, one is seeking to prove that oxygen reddens 
blood or if one assumes carbon dioxide might form 
without a supply of oxygen. Spallanzani successfully 
divorced the question of heat production from the 
question of respiratory site by method as well as by 
subject. In this sense Spallanzani set a precedent 
for the application of indirect (non-heat determining) 
techniques and patterns of research used to enthrone 
the tissues as the site of respiration after mid- 
century.” 


The site of respiration is only one aspect of 
Lavoisier’s work and of "respiration proper." It is 
time to examine the remaining factors of importance. 


WATER CONTENT OF EXHALED AIR 


Lavoisier postulated the formation of water from 
inspired oxygen to solve his determinations of animal 
heat. This concept of water formation received the 
most severe criticism of any of Lavoisier’s concepts 
about respiration with the exception of the lung site. 
As previously shown, H. Davy’s researches on nitrous 
oxide inhalation indicated that water vapor was part 
of exhaled air even when a non-oxygen-containing 
gas was inhaled. Unlike carbon dioxide which also 
continued to evolve during the inhalation of nitrous 
oxide: 


The water carried out of the lungs in solution by the 
expired gas of nitrous oxide could neither have been wholly 
or partially formed by the decomposition of nitrous oxide. 
The coats of the vessels in the lungs, and indeed in the 
whole internal surface of the body, are always covered 
with moisture, and the solution of part of this moisture 
by the expired heated gas, are sufficient causes for the 
appearance of the phaenomenon.?! 


H. Davy’s reaction was typical of the biological 
point of view. John Bostock (1804),7 J. Dalton 
(1806),? Francois Magendie (1817),*4 Collard de 


50 Culotta, op. cit., fn. 31 above, pp. 128, 138. 

5 H. Davy, On Nitrous Oxide (1800), pp. 422-423; this repre- 
sents quite a change in position from his first enthusiastic paper 
"An Essay on Heat, Light and the Combinations of Light," in 
Contributions to Physical and Medical Knowledge, principally from 
the West of England, collected by Thomas Beddoes (Bristol, 
1799), pp. 4-147. See E. Mendelsohn, ‘‘Site of Heat Production,” 
Proc. Amer. Philos. Soc. 105 (1961): p. 419. 

9? An Essay on Respiration, Parts One and Two (Liverpool, 
1804), pp. 129-130: “I do not hesitate to conclude, against the 
authority of Lavoisier, that the discharge of hydrogene from the 
blood had been admitted without sufficient evidence. . . . I 
reguard [sic] the water of the pulmonary exhalation as produced 
by evaporation from the mucous fluid which lines the inner sur- 
face of the bronchia and vessels. . . . " 

$$ “On Respiration and Animal Heat” [1806 ] Mem. Phil. Soc. 
Manchester ser. 2, 2 (1813): p. 30: I am inclined to think, that 
no water is formed in the lungs by the union of oxygen with hy- 
drogen, but that the whole quantity exhaled is an exudation from 
the blood, through the membranes of the lungs, which are thereby 
constantly kept moist—It is inconsistent with the simplicity of 
the laws of nature to employ two causes when one is adequate to 
the effect." 

54 Précis élémentaire de physiologie (2v., Paris, 1817) 2: p. 291: 
“Dans ses premières recherches sur la respiration, Lavoisier avait 
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Martigny (1830),5 and in 1835 Charles Williams 
(1805-1889)56 denied that water was formed during 
respiration—each of them on different grounds. 
Perhaps the most interesting reason was suggested by 
de Martigny because he opposed the quantitative 
arguments based upon animal heat. Previously 
Charles Despertz (1792-1863) had re-examined the 
chemical theory of heat production utilizing new 
specific heat values and calculated values for water 
production. As a biologist Martigny would not 
accept this as evidence. Calculations were not mea- 
surements and measurements of the water content of 
exhaled air could not prove that it was formed from 
inspired oxygen. Such an origin was more probable 
in the context of a lung site of respiration than if 
combustion occurred elsewhere in the body. C. 
Despretz won an academy prize for his work on 
animal heat and was widely cited. Yet, among the 
group concerned with ‘respiration proper," it was 
mentioned only once—in de Martigny’s dismissal. It 
was only after Justus von Liebig’s Animal Chemistry 
appeared in 1842 that the idea again became plausible 
in the biological sense. 


THE RESPIRATORY QUOTIENT 


Although the term respiratory quotient was not 
yet coined, it will be used for the sake of simplicity 
in describing the confusion surrounding attempts to 
measure the input of oxygen and the output of carbon 
dioxide.55 Lavoisier's tendency to account for all of 
the inspired oxygen was discussed previously. Since 
most scientists refused to accept his theory of water 


cru qu'il pouvait y avoir combustion d'hydrogéne dans les 
poumons, d’où aurait résulté la formation d'une certaine quantité 
d'eau. Cette eau aurait formé une partie de la transpiration 
pulmonaire; mais cette idée n'est plus admise aujourd'hui, et 
cette transpiration est considérée, ainsi qu'il vient d'étre dit, 
comme le résultat du passage dans les vésicules bronchiques, 
d'une partie du liquide qui parcourt l'artére pulmonaire." An 
almost identical quotation appeared in the fourth edition of the 
Précis (1836) 2: p. 347. 

55 "Recherches expérimentales et critiques sur l'absorption et 
sur l'exhalation respiratoires," Jour. de physiol. exp. (Magendie) 
10 (1830): pp. 135, 141, "The author objected on two points. 
Firstly, C. Despretz calculated the water produced on the basis of 
heat production. Secondly, he claimed that very high tempera- 
tures were necessary for oxygen to combine with hydrogen. 

56 “Observations on the Changes Produced on the Blood in the 
Course of its Circulation," London Med. Gaz. 16 (1835): p. 745. 
He chose his argument from Allen and Pepys 1808 paper; if the 
same amount of carbon dioxide is formed as oxygen inspired there 
is none left for the formation of water. 

57 Mendelsohn, Heat and Life (1964), pp. 180-181. 

68 The respiratory quotient is a technical term which will appear 
frequently throughout this monograph. It is the volumetric ratio 
of carbon dioxide expired divided by the oxygen inspired. In 
man the respiratory quotient is normally less than one—0.82. 
The quotient is not constant but varies with the state of digestion 
and the type of foods consumed. It is less than one because less 
carbon dioxide is exhaled than oxygen is inhaled. The small 
portion of oxygen which does not reappear in the form of carbon 
dioxide is generally utilized in the formation of water during the 
metabolism of foodstuffs. 
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formation, the excess of oxygen inspired over carbon 
dioxide exhaled should have come to the immediate 
attention of scientists. Early nineteenth-century re- 
searchers such as H. Davy, L. James Jurine (1751- 
1819), and Edmund Goodwyn (1786-1830) did draw 
attention to the fact that a portion of the inspired 
oxygen did not reappear in the form of carbon 
dioxide. Yet, disappearance of a portion of the 
oxygen was not a commonly held fact until after 
1840.9 For a twenty-year period following these 
observations (1806-1824), the best of authorities 
pronounced that the respiratory quotient was equal 
to one; that is, that the same amount of oxygen was 
released by expiration in the form of carbon dioxide 
as was absorbed by the lungs in the act of inspiration. 
J. Dalton ascribed all deviations from the quantita- 
tively pleasing one to one ratio to faulty eudiometric 
methods. Thomas Thomson (1773-1852), the in- 
fluential chemist and textbook writer, publicly came 
over to Dalton’s view. In 1810 Thomson wrote: 


In the first and second Editions of this Work I em- 
braced this theory [less CO» formed than Oz consumed], 
modified a little by the experiments of Davy. A letter 
which I received from Mr. Dalton, in the summer of 
1806, combatting this theory, and defending that of 
Crawford, induced me to examine it more narrowly ; and 
the result of a set of experiments, which I immediately 
undertook, convinced me that Mr. Dalton's objections were 
well founded. The carbonic acid formed, I consider as ex- 
actly equal to the bulk of the oxygen which disappears.9? 


Without doubt, we can ascribe this opinion to loyalty 
of the English chemists to the theory of A. Crawford. 

But the equivalency concept was secured in the 
minds of natural philosophers by the impressive 
experiments of William Allen (1770-1843) and 
William Pepys (1775-1856) who in 1808 were able to 
collect the air from a large number of expirations and 
to control the composition of the inspired air. H. 
Davy's experiments were based upon single inspi- 
rations and expirations. Allen and Pepys used two 
gasometers connected by tubes to a central mouth- 
piece. Each inspiration was made from one gas- 
ometer containing atmospheric air of predetermined 


5 J, Jurine as quoted in Bostock, Essay on Respiration (1804), 
pp. 26, 85; Edmund Goodwyn, The Connection of Life with Res- 
piration (Philadelphia, 1808, first pub. 1788 in Latin), p. 26; H. 
Davy, On Nitrous Oxide (1800), p. 448: 'Supposing that no part 
of the water evolved in solution by the expired gas of common air 
is formed immediately in respiration, it will follow that a very 
considerable quantity of oxygene must be constantly combined 
with the red particles, even allowing the consumption of a certain 
portion of it to form carbonic acid; the carbonic acid evolved, 
rarely amounts to more than three-fourths of the volume of the 
oxygene consumed." 

69 Goodfield, Growth of Scientific Physiology (1960), pp. 80f, 
explains the confusion over this ‘‘missing’’ portion early in the 
century. 

61 J. Dalton, “On Respiration and Animal Heat," Mem. Phil. 
Soc. Manchester, ser. 2, 2 (1813): p. 32. 

6&2’T, Thomson, A System of Chemistry (4th ed., 5 v., London, 
1810) 5: pp. 735-736. 
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composition and volume. After inspiring the indi- 
vidual opened the valve on the second gasometer, 
closed that of the first, and expired. The nose was 
held closed by a steel clamp. The process was 
repeated for about ten minutes before the gases were 
analyzed. 

Allen and Pepys were unaware of the sources of 
error which their experiments contained. In the 
first place, hyperventilation was practiced before the 
onset of each test. Therefore, the breathing rate 
was hardly normal. The gasometer used for col- 
lecting the expired air was filled with mercury. The 
weight of this mercury added considerable resistance 
to the normal expirational force. In addition the 
authors used slightly erroneous estimates of the 
percentage composition of the constituents of the 
atmosphere. The authors wrote: 


The breathing in these cases was as nearly natural as 
we conceive it possible to be in any apparatus; the oper- 
ator was scarcely fatigued, and his pulse not raised more 
than about one beat in a minute; the respirations however 
were deeper and fewer than natural, amounting only to 
about 58 in eleven minutes, whereas from repeated ob- 
servations at different and distant times he makes 19 ina 
minute.® 


These results for “normal? breathing were as 
follows :9* 


TABLE 1 
ANALYSIS OF INSPIRED AND EXPIRED AIR 


Gas Before After 
Oxygen 21 12.5 
Nitrogen 79 79 
Carbon dioxide —- 8.5 
Total 100 100 


Allen and Pepys concluded: 


It appears that the quantity of carbonic acid gas emitted 
is exactly equal, bulk for bulk, to the oxygen consumed, 
and therefore there is no reason to conjecture that any 
water is formed by a union of oxygen and hydrogen in the 
lungs. 


Lavoisier’s suggestion of water formation and of an 
imbalance between oxygen input and carbon dioxide 
output was thus contradicted by the best experimental 
evidence of the day. So convincing were these 
experiments that William Prout (1785-1850) pre- 
sented one column of data for his respiratory experi- 
ments. Measurements of either the carbon dioxide 
exhaled or the oxygen inhaled was considered suffi- 
cient for a measurement of the respiratory exchange.96 


68 William Allen and W. Pepys, ''On the Changes Produced in 
Atmospheric Air and Oxygen Gas by Respiration," Phil. Trans. 
London, 98 (1808): p. 253. 

64 Ibid., p. 255. 

65 Tbid., p. 279. 

66 W. Prout, "Observations on the Quantity of Carbonic Acid 
Gas Emitted from the Lungs during Respiration . . .," Amm. 
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This scientifically satisfying account-book rendering 
of the inspired oxygen was not questioned again until 
the French Academy of Science offered a prize for 
verification of the combustion theory of animal heat 
in 1822. Charles Despretz (1792-1863), who won 
the prize, found the combustion concept adequate 
for animal heat, but he included the formation of 
water in his calculations. Therefore he did not 
support the equal exchange of inspired oxygen and 
expired carbon dioxide. In fact he emphasized that 
the greater bulk of oxygen did not even form carbon 
dioxide. The idea that a portion of the oxygen 
"vanished" was supported by Louis Thenard (1777- 
1857)9* and other chemists of the period for practical 
reasons; many bodily processes required a supply of 
oxygen. E. Faust, an American physician, stated 
this point of view clearly in 1830: 


Hence, if the blood contain[s] oxygen enough for the 
purposes of the system, the carbonic acid evolved will 
compensate for the oxygen consumed ; while, if the circu- 
lating mass be deficient in the principle, the considerable 
quantity absorbed by endosmose, will not be compensated 
for by the exosmose of carbonic acid but a portion of 
oxygen will be spent upon the tissues and secretions.9? 


Critiques on respiratory theory continued to point 
out that the respiratory quotient was less than one,” 
but idea was very popular. Gustav Magnus (1802- 
1870), the Berlin biophysicist, was to rely heavily on 
the concept of an equal exchange of respiratory gases 
in 1837. 


NITROGEN AND RESPIRATION 


Even Lavoisier’s correct assumptions were subject 
to criticism. For example, he clearly stated that 
nitrogen has no role to play in respiration. Only a 
very minute portion of nitrogen is absorbed by the 
blood—a quantity too small to be detected by the 
methods used in the first half of the nineteenth 
century. In spite of the truth of Lavoisier’s state- 
ment, scientists gathered evidence that appeared to 
show that nitrogen was a respiratory gas. H. Davy 


Phil. (Thomson) 2 (1813): p. 334; and "Inquiry into the Origin 
and Properties of the Blood," Ann. Med. Surg. 1 (1816): p. 155. 

9? César Despretz, "Recherches expérimentales sur les causes 
de la chaleur animale," Ann. de chim. 26 (1824): p. 360. 

68 Louis Thenard, Traité de chimie élémentaire, théorique et 
pratique (5th ed. Paris, 1827) 4: p. 559. 

69 Edwin Faust, "Experiments and Observations on the Endos- 
mose and Exomose of Gases, and the Relation of these Phenomena 
with the Function of Respiration," Amer. Jour. Med. Sci. 7 
(1830): p. 33. 

1 J. Apjohn, "Experiments relative to the Carbonic Acid of 
Expired Air in Health and Disease," Endinb. Med. & Surg. Jour. 
35 (1831): pp. 205-206; Robert Christison, ‘‘An Inquiry on Some 
Disputed Points in the Chemical Physiology of the Blood and 
Respiration," Edinb. Med. & Surg. Jour. 35 (1831): pp. 100-102; 
Pierre Dulong, "De la chaleur animal," Jour. de physiologie 
(Magendie) 3 (1823): pp. 45-52; W. Alison, "Asphyxia," The 
Cyclopaedia of Anatomy and Physiology, ed. by Robert Todd (6 v., 
London, 1835-1849) 1: p. 258. 
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observed, while inhaling nitrous oxide or hydrogen, 
that large amounts of nitrogen appeared in the air 
he expired. He considered two possible causes: either 
the nitrogen was evolved from the blood or the nitrous 
oxide was decomposed. Davy knew that the nitrous 
oxide was stable at body temperature and concluded 
that nitrogen was dissolved in the blood and released 
somehow by the nitrous oxide or hydrogen.” 

Actually H. Davy was correct; the nitrous oxide, 
in accord with the law William Henry (1775-1836) 
would discover in 1803, formed a vacuum for the 
nitrogen dissolved in the serum. The vapor pressure 
of the dissolved nitrogen was then sufficient for the 
gas to escape from the blood. The oxygen and carbon 
dioxide, being bound in the blood, were not as easily 
displaced. Sir Humphry Davy grasped the basic 
distinction between gases which can be absorbed and 
those which are naturally respired but did not provide 
an explanation.” 

The role of nitrogen in respiration was made even 
more obscure by experiments indicating that nitrogen 
was absorbed as well as given off in respiration. A. 
Henderson (1804), employing faulty analytic methods, 
estimated that fifteen cubic inches of atmospheric 
nitrogen are utilized every four minutes.” No volu- 
metric adjustments were made for temperature or 
vapor pressure and, by his own admission, the method 
used for absorbing nitrogen could also absorb the 
other constituents of the atmospheric air. His 
results actually indicate a correct relative increase of 
nitrogen in the expired air. 

In 1805 Christoph Pfaff (1773-1852) repeated H. 
Davy’s experiments on the respiration of nitrous oxide 
and came to the conclusion that nitrogen is respi- 
rable." Four years later W. Allen and W. Pepys 
correctly pointed out that nitrogen is only evolved 
when pure oxygen (as compared to atmospheric air) 
is respired and the nitrogen which appears is propor- 
tional to the oxygen which disappears.” Inaccurate 
methods and lax procedures continued to show either 
an increase or a decrease in the atmospheric concen- 
tration of nitrogen after respiration. The ability of 
live animals to produce carbon dioxide on breathing 
nitrogen also suggested that nitrogen played a role 
in respiration. In the absence of any definitive 
experiments, the authorities on physiology were 
neutral. W. Prout (1816), F. Magendie (1817), and 
J. Bostock (1828) refused to take a position either for 


n H. Davy, On Nitrous Oxide (1800), pp. 394, 407, 415. 

7 Ibid., pp. 333-335. 

73 A. Henderson, "Experiments and Observations on the Change 
which the Air of the Atmosphere undergoes by Respiration, par- 
ticularly with reguard [sic] to the Absorption of Nitrogen," 
Jour. Nat. Phil. (Nicolson) 8 (1804): p. 44. 

74 C. Pfaff, "Sur la respiration de l'air atmosphérique principale- 
ment par rapport à l'absorption de l'azote, et sur la respiration du 
gas oxide d'azote," Ann. de chim. 55 (1805): pp. 77-90. 

75 William Allen and William Pepys, “On Respiration,” Phil. 
Trans., London, 99 (1809): p. 427. 
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or against granting nitrogen a respiratory function.’® 
John Dalton explained the physical causes behind the 
release of nitrogen upon breathing artificial atmo- 
spheres in 1831, but no one seems to have understood 
him." Whether nitrogen was one of the respiratory 
gases was stil a viable question in 1835. In a 
detailed review on respiration Charles Williams (1805— 
1889) stated: 


With respect to the relations of azote in respiration, 
experiments have proved so various, that I have found it 
impossible to arrive at conclusions in any respect ap- 
proaching to certainty.”8 


As in all other aspects of respiratory physiology, 
the general theories of the organic chemists influenced 
the acceptance or rejection of a controversial issue. 
J. Berzelius favored the uptake of nitrogen in the 
respiratory act: 


Durch Vergleichung dieser Resultate mit der ver- 
hergehenden Analyse des Chylus ziehen die Verfasser den 
Schluss, das ker Kohlenstoffgehalt des venosen Blutes 
gleich ist dem Kohlenstoffgehalt des Chylus, dass also die 
biem Athmen vor sich gehende Sanguification des letzteren 
darin bestehen müsse das der Ueberschuss an Kohlenstoff 
weggenommen wird; da aber dennoch der Chylus nicht 
die erforderliche Menge Stickstoff enhált, so muss der 
fehlende Stickstoff vom Athmen hinzukommen. Bedenkt 
man, fügen sie hinzu, wie gering die Menge von Chylus in 
dem Blut, ist, weiches durch die Lungen geht, so findet 
man leicht, das die Quantitát Stickstoff, die auf diese Weise 
aus der Luft genommen wird, nicht gross sein, und bei 
Versuchen über das Verhalten des Stickgases beim Athmen 
leicht der Entdeckung entgehen kann.”9 


The nitrogenization of animal tissues was a popular 
theory among organic chemists.9? The possibility of 
nitrogen consumption was re-examined many times 
throughout the nineteenth century by various physi- 
ologists conducting calorimetric studies. To the best 
of my knowledge the last serious questioning of the 
nitrogen role in respiration occurred at the turn of 
the century. The Vienna Imperial Academy of 


76 W. Prout, “Inquiry into the Origin and Properties of the 
Blood," Ann. Med. Surg. 1 (1816): p. 150; Magendie, Précis 
(1817) 2: p. 286; Bostock, System of Physiology (1828) 2: p. 81. 

17 J. Dalton, "Physiological Investigations arising from the 
Mechanical Effects of Atmospherical Pressure on the Animal 
Frame," Mem. Phil. Soc. Manchester, ser. 2, 5 (1831): pp. 298-299: 
“Messrs. Allen and Pepys in their ingenious and excellent essays 
on respiration, have proved that when a Guinea pig, or a pigeon 
is confined, for an hour, more or less, in a mixture of hydrogen and 
gases in proportion as 78 to 22, a large portion of the azotic gas is 
found in the residue and an equal portion of hydrogen disappears. 
They ascribe this change to effects of respiration; but it appears 
to be more probably due . . . to the egress of azotic [gas] from 
the whole body and the ingress of hydrogen in lieu of it, in con- 
sequence of withdrawing the external pressure of the former and 
substituting that of the latter." 

78 C. Williams, "Observations on the Changes Produced on the 
Blood in the Course of its Circulation," London Med. Gaz. 16 
(1835): p. 811. 

7 Berzelius, Jahres-B. 13 (1834): p. 368. 

8 Holmes, "Elementary Analysis," Isis 54 (1963): pp. 63-64, 
71. 
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Science offered a prize for the definitive answer. 
August Krogh (1874-1949), later a Nobel laureate, 
won the prize.*! 


CARBON AND THE COLOR OF BLOOD*? 


The seventeenth-century discovery that an element 
in the air caused the venous blood to turn bright red 
was too simple an answer in the new age of chemical 
analysis. It had to be shown that oxygen was the 
exclusive cause of the red color of the blood. It was 
shown that the cause of arterial blood color played 
an integral part in the revision of Lavoisier's theory 
by J. Hassenfratz. The source of the carbon which 
supposedly combined with the inhaled oxygen, 
whether in the lungs or the blood, was also intimately 
bound up with the cause of arterial blood color and 
the physiological mechanism of respiration. Lavoisier 
attributed the dark color of venous blood to the 
presence of hydrogen in the venous blood stream. 
When the concept of water formation was excluded 
from consideration by respiratory physiologists, there 
was no longer a sufficient reason to consider hydrogen 
as the cause of the dark color of venous blood. J. 
Hassenfratz had demonstrated that hydrogen cannot 
color blood a dark venous purple. Lavoisier's concept 
of venous coloration fell along with his concept of 
water formation in thelung. "Therefore, many physi- 
ologists accepted Joseph Black's notion that carbon 
was the cause of the dark color of venous blood (see 
note 20). Since it was still respectable to speak of 
carbon in the blood (Lavoisier had suggested 1t), the 
possibility of such a combination had great appeal as 
a common sense notion. Naturally black, carbon 
simply darkened the red color of blood. When it 
chemically combined with oxygen and escaped as 
carbon dioxide, the blood returned to its bright red 
color. Asan explanation of the change in blood color, 
it was more than adequate—it was beautiful. How- 
ever, the fit of this ad hoc mechanism with physio- 
logical theory was tenuous at best. The only known 
source of carbon in the blood was the digestive system, 
and the only recognized route for the absorption of 
digestive matter was the lymphatic system. If the 
carbon was of digestive origin, it could not be the 
cause of the dark color of the venous blood. The 
thoracic duct empties into the left subclavian vein 
". . . and the blood has already become completely 
venalized." 8 Nor was there any known process by 
which a darkening agent could be added to blood 
passing through the systemic capillaries. An im- 
passe on the question of blood color resulted. Arterial 
-si Sarah Riedman and Elton T. Gustafson, Portraits of Nobel 


Laureates in Medicine and Physiology (New York, ca. 1963), p. 
216. 

8 A full discussion of the history of blood color theories may be 
found in my forthcoming paper in the special hematology issue 
of Episteme (Milan), 1970. 

83 Bostock, Essay on Respiration (1804), pp. 111-112. 

8t Bostock, System of Physiology (1828) 2: p. 100. 
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blood turned bright red either because oxygen was 
added or because carbon (later carbon dioxide) was 
removed in arterialization. Similarly venous blood 
could be darkened either by the presence of carbon 
or the absence of oxygen. 

As a matter of course, scientists sought evidence of 
the presence of carbon in the animal system. Though 
still crude, methods of organic analysis indicated 
carbon was abundant in organic compounds. The 
eighteenth-century penchant for destructive distilla- 
tion always ended with the familiar tar and charcoal 
residue. Anatomists, in the wake of the tobacco 
habit and the industrial revolution, frequently re- 
ported dark spots on the lungs of their post mortem 
specimens. These signs were encouraging. Specula- 
tion about the animal origins of this carbon was 
brought to a halt in 1813 by an English physician. 
George Pearson (1751-1831) studied the black spots 
on the lungs of cadavers and the accompanying dark 
colored lymph nodes of the chest. He concluded that 
soot in the air of industrial towns was the likely cause. 
Years of inhaling this soot slowly built up deposits of 
carbon in the lungs. Few claims were made that 
free carbon existed in venous blood.’* Even if a 
"verified" discovery had come forth, no chemist could 
explain how practically inert elemental carbon could 
combine with oxygen at body temperature.?' 

As the body is composed largely of carbon in the 
combined state, it was logical to assume that perhaps 
carbon in the combined state might be the culprit. 
The most common carbon compound associated with 
respiration was of course carbon dioxide. F. Magendie 
was thinking along these lines in 1817 when he wrote: 


On n'est pas d'accord sur la maniére dont se forme 
l'acide carbonique que contient l'air expiré. Ceux-ci 
croient qu'il existait tout formé dans le sang veineux, 
et qu'il est exhalé au moment du passage à travers le 
poumon; ceux-là pensent qu'il résulte de la combustion 
directe du carbone du sang veineux par l'oxigène: ni 
l'une ni l'autre de ces deux opinions ne sont suffisamment 
démontrées; peut étre les deux effets ont-ils lieu en méme 
temps. Par la raison qu'on n'est pas instruit sur le mode 
de formation de l'acide carbonique, on manque de données 
sur le róle que joue l'oxigéne dans la respiration. Les uns 
disent qu'il est employé à brüler le carbone du sang veineux ; 
les autres veulent qu'il passe dans les veines pulmonaires, 
et d'autres, enfin, pensent qu'il remplit à la fois les deux 
offices.9? 


85 G, Pearson, "On the Coloring Matter of the Black Bronchial 
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VOL. 62, PT. 3, 1972] 


The simple assumption that carbon dioxide, how- 
ever or wherever formed, existed in blood was a tre- 
mendously useful theoretical construct. The dubious 
and overly simplistic search for elemental carbon— 
finely divided or liquid—was no longer a logical 
necessity. The overwhelming evidence that oxygen 
colored venous blood bright red could be accepted 
without prognosticating about the formation of 
carbon dioxide. Although rarely mentioned in the 
literature, Lavoisier had shown in 1777 that oxygen 
was absorbed by blood during arterialization.9? It 
was, however, generally known that oxygen treated 
blood samples darkened once again upon standing. A 
second addition of oxygen would again brighten its 
color. This phenomenon was difficult to explain 
according to the old direct carbon linkage concept. 
Since the color change took place outside of the body, 
there was no possible way for the blood to have 
acquired an additional supply of carbon either to 
darken the blood again or to combine with the oxygen 
added to the blood. 

Investigators were now free to suggest that the 
above experiment indicated the slow formation of a 
chemical bond between oxygen and blood.® Accord- 
ing to this view one would not expect to find free 
oxygen in the blood (they could not extract oxygen 
at this time), and one could understand why the 
brightness of blood samples waned as the combination 
progressed. In addition, were the argument extended, 
it could "explain" why Spallanzani and W. Edwards 
were able to detect carbon dioxide formation in 
oxygen-free atmospheres. It isnot uncommon to read 
that the oxygen-blood bond was the storage mech- 
anism. Finally, the blood-oxygen bond combined 
with the assumption of carbon dioxide existing in blood 
(usually venous alone) could explain a commonplace 
clinical observation. Many physicians, anatomists, 
and surgeons knew that artificial or pathological 
blockage of blood in an artery caused it to darken, 
i.e., to become venous blood.” The exact mechanism 
by which oxygen combined with blood, as Magendie 
noted in 1817, was still unknown: 


Mais comment le gaz oxigéne produit-il le changement 
de couleur du sang veineux? Les chimistes ne sont pas 
d’accord sur se point.” 


THE BLOOD GASES AND REVISION: 
THE FIRST PHASE 


The multitude of facts gathered in the first third of 
the nineteenth century pointed out two recurring 
themes: the inadequacy of Lavoisier’s theory of 


89 Mém. Acad. Sci., Paris 1777, Pt. I: pp. 192-193. 
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respiration and increasing interest in the possible 
existence of gases in the blood. Tacit acceptance of 
carbon dioxide in the blood and the role of oxygen in 
blood coloration precipitated a slow, piecemeal revi- 
sion of the combustion theory of respiration.? Even 
the Hassenfratz-Lagrange theory of a slow combustion 
in the blood was placed in jeopardy. Oversimplified 
arguments favoring a direct chemical combustion 
along classic lines were weakened by the new breed of 
animal chemists. For a variety of reasons revision 
was neither dramatic, nor sudden, nor revolutionary. 
Only a few scientists were willing to grapple with all 
of the areas we have reviewed. When scientists did 
propose any revisions, they did so upon the basis of 
the true, the false, and the conjectural. The new 
theories which emerged were divergent rather than 
convergent; there were no common points of reference 
for their formulators to follow Since there were many 
unresolved problems in Lavoisier's theory, there was 
a variety of suggested respiratory mechanisms. In 
spite of the lack of proof for the existence of oxygen 
in the blood, the majority of new hypotheses implied 
the existence of gaseous oxygen and carbon dioxide in 
the blood. 

The new theories were not formed by the giants of 
the age, men who could command the respect of a wide 
audience that Lavoisier had earned and enjoyed. The 
new generation that was to be called scientist rather 
than natural philosopher was in its formative years. 
Of the great French physiologists, none turned to 
respiration until Claude Bernard. Germany would 
leave its mark upon physiology within the decade. 
Physiology in England was without a major spokes- 
man. Nonetheless, alternative interpretations were 
devised in several forms by these lesser-known early 
specialists. The existence of this trend is proof 
positive that specialization had begun and that 
"workers in the field" can and do modify the theories 
of "great men." The often overlooked everyday 
scientist deserves better than what we historians of 
science have granted him. 

While the order of priorities was far from standard, 
certain questions were asked more than others. For 
example, once oxygen was generally thought to color 
arterial blood, it became important to know: (1) Why 
is oxygen not found in blood? and (2) Whence came 
the carbon dioxide? In the reformulations which led 
to new explanations of “respiration proper," three 
general types of argument appeared. The first type 
described respiration as a secretory process. The 
term secretion was no longer a retreat into the vagaries 
of vitalism but a valid chemical process.” W. 


Edwards relied on the older term of Bichat, ‘‘exhala- 


?33 Many of the arguments that follow were presented but not 
organized early in the century; see G. Goodfield, Growth of Sci- 
entific Physiology (1960), chap. 4. 
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tions”; most scientists used the term secretion in its 
modern sense. The writings of Godfroy Coutanceau 
(1775-1831) and Collard de Martigny will be used to 
exemplify this type of theory. 

The second type, closely related to the first, also 
was a retreat into the unknown but not the un- 
knowable. Respiration was tossed into the potpourri 
of metabolism and nutrition. "The science of organic 
chemistry was making deep inroads into the science 
of biology; the strong ties between chemical theory 
and respiration have already been pointed out. The 
writings of Friedrich Hünefeld (1799-1882) and the 
team of Eilhard Mitscherlich (1794-1863), Friedrich 
Tiedemann (1781-1861), and Leopold Gmelin (1788- 
1853) will suffice to portray the essence of this mode 
of explanation. Both the first and the second type of 
argument focused upon the origin of carbon dioxide. 
A third alternative emphasized the mode of exchange 
between inspired oxygen and expired carbon dioxide. 
Explanations of this third type followed the known 
laws of physical science whenever possible. The 
works of William Stevens (1786-1868) and Charles 
Williams (1805-1889) are representative of the third 
orientation. 

Each one of these theoretical constructs pass in and 
out of fashion throughout the century. As informa- 
tion accumulated, one appeared better fitted to the 
situation than another. They appeared simulta- 
neously (within a decade of one another) because none 
of the objections to Lavoisier's theory were satis- 
factorily resolved. More importantly no clear direc- 
tion had yet appeared to channel their research. The 
pattern in each new theory indicates that the overall 
view, the meaningful pattern, was more important 
than any single problem. 


DETECTION OF CARBON DIOXIDE 


Many investigators found circumstantial evidence 
for the existence of gases in the blood, but nothing 
which could be considered as solid proof. H. Davy 
suspected that gases were dissolved in the blood, but 
his evidence was not convincing. He extracted 
small amounts of gases from the blood by methods 
which were quite radical. Blood samples were treated 
with caustic potash for several hours or heated to the 
point of coagulation. The blood did absorb gases in 
in vitro tests, but the blood always held more of the 
gases than did plain water which tended to convince 
scientists, particularly chemists, that this was a 
chemical combination and not a simple dissolution. 
Nonetheless, chemists interested in discovering gases 
in the blood looked with favor upon H. Davy's 
experimental work.?6 

Senebier, theorizing on the basis of Spallanzani's 


?5 H, Davy, Experiments on Nitrous Oxide (1800), pp. 378, 418. 
?6 W. Brande, ''A Concise View of the Theory of Respiration,” 
Jour. Nat. Phil. (Nicholson) 11 (1805): pp. 83-84. 
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experiments, had suggested that gases are dissolved 
in the blood." Physicians employing pneumatic 
methods for therapeutic treatment also believed in the 
presence of gases in the blood and were often well 
read in the late eighteenth-century literature which 
indicated the existence of blood gases. For example 
Bartheleme Vidal (1741-1805) could write with the 
confidence of historical vision that: 


Des expériences ingenieuses on fait connaitre a Spal- 
lanzani, Fontana, Moscati, Rosa, noms illustres dans la 
science de l'homme, l'existence d'un fluide expansif dans 
le sang.% 


If aware of the pneumatic tradition, the physiologist 
and conventional physician were not so readily con- 
vinced. The criteria for proof emerging from the new 
body of experimental organic chemists and the 
demands of a Lavoisier-patterned theory of respiration 
directed their thoughts down more constricted avenues 
in search of an answer. This was the real legacy of 
Lavoisier. Pierre Nysten (1774-1817) reported that 
interesting experiments on the absorption of atmo- 
spheric air injected into the bloodstream led him to 
concur with the pneumatic physicians.” Yet tangible 
instead of circumstantial proof was still to be found. 
The first significant extraction of a volume of gas from 
the blood was reported by Heinrich Vogel (1778- 
1867) in 1814: 


Dés que l'on fait le vide, le sang monte prodigieusement, 
et forme une écume considérable. Il se dégage, dés le 
commencement, beaucoup de gaz acide carbonique, et 
l'eau de chaux se trouble de suite d'une manière trés- 
sensible. 

Il résulte de ce qui au récéde, que l'urine et le sang con- 
tiennent de l'acide carbonique tout formé dans leur état 
le plus frais, et que le dégagement de cet acide n'est pas 
dà à la décomposition de quelque principe constituant, 


comme plusieurs chimistes l'avaient pensé. 


At least one major French chemist believed Vogel had 


97 Senebier as stated in Spallanzani, 1807 Mém. 2: p. 295: “On 
s'apercoit est écumeux, et le sang artériel en fournit davantage 
sous la pompe pneumatique que sang veineux; cependant si le 
sang a de l'affinité avec le gaz oxygéne, elle n'est peut-étre pas 
immédiate, et il ne semble pas qu'elle puisse l'étre, parce que le 
sang artériel doit porter de gaz partout; s'il combinoit d'abord, 
s'il se combinoit autrement qu'avec le carbone, il n'irriteroit pas 
les artéres pendant qu'il les parcourt, il n'y entretiendroit pas 
partout las chaleur et le mouvement... . " 

?8 Darthéleme Vidal, Essai sur le gaz animal considéré dans les 
maladies (Paris, 1807), p. 4. 

9 Nysten, Recherches de physiologie (1811), pp. 155-156, 178. 
Nysten had shown that if gases were injected slowly they were 
absorbed without ill effects. Xavier Bichat a few years earlier 
had brought on death in animals by injecting large quantities 
of air into their veins. For a full discussion of the injection tra- 
dition in physiology see H. Buess, ''Die Injektion," Ciba Zeitschrt 
1946 (March): pp. 3594-3643. 

10 [H.] Vogel, “De l'existence de l'acide carbonique dans 
l'urine et dans le sang," Ann. de chim. 93 (1815): pp. 73-74; an 
abstract appeared in Jour. f. Chem. u. Physik (Schweiger) 11 
(1814): p. 399. 
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confirmed the theory of a pre-formed carbon dioxide 
in the blood.) 


SECRETION THEORIES 


In 1818 a curious book appeared entitled Révision 
des nouvelles doctrines chimicophysiologiques. Con- 
trasting the older era of Lavoisier with that of his own 
time, the author wrote: 


Aujourd'hui l'on s'accorde assez à admettre cette 
fixation d'une partie de l'oxigéne atmosphérique dans le 
sang des veines pulmonaires, mais on discute pour savoir 
si ce principe gazeux fixé dans le sang, y conserve son 
existence isolée et individuelle jusqu'aux extrémitiés de la 
circulation aortique, ou bien s'il entre instantanément 
dans les combinaisons nouvelles propres au sang artériel.!? 


The author, Godfroy Coutanceau (1775-1831), be- 
lieved that oxygen was absorbed by the blood because 
it colors venous blood bright red. His argument 
presents us with the first open break with Lavoisier 
tradition: 


On en conclura que, dans la respiration, l'oxigène 
atmosphérique ne colore pas le sang veineux en lut enlevant 
une portion de son hydrogène et de son carbone, et en s'unis- 
sant à ces deux principes: de manière à former de l'acide 
carbonique; mais que cet effet a lieu par une action directe 
de l’oxigéne sur le sang veineux lui-méme. On peut dire 
en d'autres termes, que Ja différence de couleur du sang 
veineux au sang artériel n'est pas le résultat d'une déperdition 
d'hygrogàne et de carbone, mais d'une acquisition d'oxigène.” 


Coutanceau relied heavily upon (1) the Hassen- 
fratz-Lagrange theory of slow combustion in the 
circulatory system and (2) P. Nysten's gas injection 
experiments for support of his claim that oxygen 
entered the blood." * Coutanceau admitted that he 
did not know the exact effects of oxygen on the blood, 
but he suggested that oxygen was simply dissolved.!?5 
He believed that some combustion took place, ac- 
counting for a small portion of the carbon dioxide, 
but he reasoned that the temperature of the body 
would have to be much higher than 98? if all of it were 
formed by some process of combustion.?9$ Spallanzani 


101 Louis Thenard, Trazté de chimie élémentaires, théorique et 
pratique (5th ed., Paris, 1827) 4: p. 554. 

102 Godfroy Coutanceau, Révision des nouvelles doctrines 
chimico-physiologiques suivie d'expériences relatives a la respiration 
(Paris, 1821), p. 54. The 1818 edition was not available for 
examination at this time. 

103 Thid., pp. 107-108. 

14 Tbid., pp. 55, 97. Pierre-Hubert Nysten, in Recherches de 
physiologie et de chemie pathologiques pour faire suite à celles de 
Bichat sur la vie et la mort (Paris, 1811), pp. 44-45, had shown that 
slow injection of gases into the blood, in contrast to Bichat's 
results by rapid injection, need not cause death. Atmospheric 
air was absorbed by the blood. 

105 Coutanceau, Nouvelles Doctrines (1821), p. 118: “Il suit de 
là, que l'introduction du gaz oxigéne atmospherique dans le sang, 
bien qu'elle se fasse directement dans les vésicules pulmonaires elles- 
mémes, el par un mécanisme qui nous est inconnu, n'en est pas moins 
soumise à l'empire de la vie, et à des procédes qui la rapprochent des 
phénomènes déjà connus des absorptions ordinaries." 

106 Tbid., pp. 64, 93. Objections based upon the high tempera- 
tures necessary for the reactions of carbon appeared quite early; 


THE BLOOD GASES AND REVISION 17 


had shown that warm-blooded animals (whether whole 
or divided into anatomical parts) produced carbon 
dioxide without the benefit of lungs. Therefore 
Coutanceau concluded that the production of this gas 
must be a property of all living matter." Carbon 
dioxide was an organic secretion of the body. 
Coutanceau's hypothesis was one of the first criticisms 
of the purely chemical approach to respiration. 
Without adequate proof of the existence of gases in 
the blood, the only alternative was a secretion 
hypothesis. 

The search for blood carbon, being negative, not 
only did not support the carbon theory of the color of 
blood, but brought into question the whole theory of 
a direct combination of the carbon and oxygen in the 
blood. In 1830 Collard de Martigny discovered large 
amounts of carbon dioxide in the blood of veins and 
arteries. He was successful in the extraction of this 
gas because he employed a Torricellian vacuum. All 
previous vacuum extractions used pumps to exhaust 
the air from a closed vessel. It is a very difficult 
technical problem to produce a low vacuum using an 
air pump, and a low vacuum is necessary to remove 
gases from the blood. Martigny’s procedure was 
much simpler and although known in England and 
Germany as well as France, was not widely exploited 
as it should have been.!? His technique, reported in 
the Edinburgh Medical and Surgical Journal, was as 
follows: 


Having filled a tube 36 inches long with mercury, and 
reversed it so as to produce a barometric vacuum, he 
[Martigny | admitted about an inch of fresh arterial blood 
from the crural artery of a living dog, and left the apparatus 
at rest for an hour and a half. At this time, the mercury 
having descended considerably the gas which had been 
developed was transferred into a graduated tube, and acted 
on by caustic potash. The whole of it was entirely ab- 
sorbed, and consequently consisted of carbonic acid 
only. 


Martigny’s research on the respiratory process was 
dominated by two major themes. First, his measure- 
ments showed that the respiratory quotient was not 
equal to unity,!" and secondly he therefore concluded 
that there was no connection between the output of 


see Mendelsohn, Heat and Life (1964), pp. 167, 169 and Proc. 
Amer. Philos. Soc. 105 (1961): p. 417. 

107 Tbid., p. 67. 

108 Tbid., p. 123. 

19 f. Müller, "Jahresbericht über die Fortschritte der anato- 
misch-physiologischen Wissenschaften im Jahre 1833," Arch. f. 
Anat. Physiol. u. wissenschil. Med., 1834: p. 104 and fn. 110 below. 

1 Anonymous, "Experiments by M. Collard de Martigny on 
Pulmonary Absorption and Exhalation," Edinb. Med. & Surg. 
Jour. 35 (1831): p. 217; C. P. Collard de Martigny, “Recherches 
expérimentales et critiques sur l'absorption et sur l'exhalation 
respiratoires," Jour. de physiol. exp. (Magendie) 10 (1830): pp. 
116-117; Fritz Lieben, Geschichte der physiologischen Chemie 
(Leipzig, 1935), p. 267. 

H! Collard de Martigny, "Recherches sur l'absorption et sur 
l'exhalation respiratoires," Jour. de Physiol. exp. (Magendie) 10 
(1830): pp. 119-120. 
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carbon dioxide and the input of oxygen.!? To prove 
the latter deduction he repeated the experiments of 
Spallanzani and W. Edwards on the respiration of 
animals placed in hydrogen and nitrogen atmospheres. 
His purpose was to delay the measurement of the 
expired air for a time until any trace of oxygen which 
might be contained in the tissues was consumed. Any 
carbon dioxide which still emerged from the animal 
could then be attributed to a source independent of 
stored oxygen.!? He placed frogs in a hydrogen 
atmosphere and took hourly measurements of the 
gases evolved by the animal for periods up to nine 
hours. The results indicated that although the 
initial production of carbon dioxide was greater, 
the production of this gas lasted for a considerable 
period of time.1!4 

If these gases were independent of one another, the 
combustion theory of Lavoisier and Lagrange lost its 
meaning. Martigny attacked the combustion theory 
because it was based upon an argument by analogy 
which was not supported by the facts.!* The tem- 
perature of the lung itself and the body proper was 
not high enough to support the combustion of carbon 
and oxygen. C. Martigny refused to accept the 
theory of animal heat advocated by Lavoisier and 
C. Despretz because their determinations of heat, 
especially the portion arising from the formation of 
water, were calculations rather than exact quanitative 
measurements.!$ Martigny measured the tempera- 
ture of the blood in the pulmonary artery and the 
pulmonary vein and discovered twenty-five years 
before Claude Bernard that blood in the pulmonary 
vein was cooler than blood in the pulmonary artery. 
Hence the lungs actually cool the blood instead of 
providing it with heat.!? 

On the other hand, the Lagrange theory of slow 
combustion in the blood was also without basis because 
Martigny could not extract oxygen from the blood. 
He had found more carbon dioxide in the veins than 
in the arteries but no oxygen. His shortcomings were 
technological. Oxygen, being more tightly bound in 
the blood than the carbon dioxide, requires a nearly 
perfect vacuum for its release from hemoglobin. 
Martigny's experiments show that he carried the 
vacuum down to eight Paris lines only one and more 
frequently never below twelve or more (one inch is 
equal to eleven Paris lines). Hence the vacuum was 
not sufficient to remove the oxygen present. G. 


1? Ibid., pp. 122-123. 

13 Thid,, p. 124: “Il en résulte que l'exhalation d'acide car- 
bonique persiste long-temps aprés que l'inspiration d'oxigéne a 
cessé d'avoir lieu.” 

14 Ibid., p. 125. 

15 Ibid., pp. 114-115. 

116 Ibid., pp. 134-139. 

17 Collard de Martigny, “De l'influence de la circulation 
générale et pulmonaire sur la chaleur du sang, et de celle de ce 
fluide sur la chaleur animale," Jour. complemen. des sci. méd. 43 
(1832): pp. 282-83; Jules Gavarret, Physique médicale de la 
chaleur produite par les étres vivantes (Paris, 1855), pp. 108-110. 
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Magnus found in 1837 that the vacuum must sink 
down to below one inch for all gases to be released from 
the blood. Without free oxygen in the blood, there 
was no basis for the combustion of carbon in the blood. 
Martigny concluded: 


On ne trouve point d'oxigéne dans le sang artériel; 
donc il n'y circule pas en nature: donc l'oxigéne absorbé 
dans le poumon se combine au sang dans cet organe méme; 
donc la modification introduite d'aprés l'observation de 
Lagrange dans la théorie de Lavoisier est inexacte ;donc 
l'objection de Lagrange subsiste dans toute sa force.!!8 


The oxygen did chemically combine in the lung, he 
argued, but with the blood itself—not carbon. Like 
chyle, oxygen was a nutritional element absorbed by 
the blood.!? His faith in the combustion theory 
was shaken. 

For Martigny, like G. Coutanceau, the only recourse 
was to declare that carbon dioxide is formed organi- 
cally and not by any direct chemical means: 


* 


Je me crois donc fondé à conclure que l'absorption de 
l'oxigéne par le poumon constitute une partie de la nu- 
trition générale, et que l'exhalation d'acide carbonique 
est tout simplement /'excrétion d'un gaz sécrété par le 
poumon.?? 


The capillaries secreted carbonic acid and the lungs 
excreted it from the body. Martigny closed with a 
sentence which reflects the state of Lavoisier's respira- 
tory theory at the beginning of the third decade of 
the nineteenth century: 


La théorie chimique de Lavoisier sur la respiration est 
une supposition gratuite. . . .?! 


METABOLIC THEORIES 


'The metabolic or second type of theory was based 
upon two arguments: (1) disbelief in the existence of 
free gases in the blood (carbon dioxide or oxygen), and 
(2) the emerging knowledge of organic chemistry 
which treated oxygen as a nutritional element needed 
by all bodily processes. The discovery of gases in the 
blood by H. Vogel and C. Collard de Martigny faced 
stiff opposition from the advocates of the metabolic 
theories who were not without justification. Not all 
of the claims for the existence of gases in the blood 
were above criticism. In delivering the 1818 Croonian 
Lecture before the Royal Society of London, Sir 
Everard Home (1756-1832) set out to prove that 
blood released carbon dioxide during coagulation. 
With the help of William Brande (1788-1866), Home 


18 Jour. de Physiol. 10 (1830): p. 117. 

13 Ibid., p. 130. 

1? Thid., p. 132; see also pp. 122-123. Even John Davy, who 
denied the existence of free gases in the blood, came over to this 
view: “‘ . . . the lungs are absorbing and secreting, and perhaps 
exhaling organs, and that their peculiar function is to introduce 
oxygen into the blood and separate carbonic acid from the blood.” 
See his Researches, Physiological and Anatomical (2 v., London, 
1839) 2: p. 171. 

121 Thid., p. 161. 
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first established that carbon dioxide could be ex- 
tracted from arterial and venous blood with an air 
pump.!2 He subsequently stated that the gas 
evolved from coagulated blood—at the end of the 
following day. The evolved gas was undoubtedly due 
to putrefaction. 

Home’s experiments were so ill-conceived and 
erroneous that a committee of the Royal Society 
requested that a formal statement of corrections be 
added to the paper. Hence Home's "Additions" 
appeared along with the Croonian Lectures in the 
Philosophical Transactions of the Royal Society.!? 
Among the revisions presented, Home mentioned that 
the carbon dioxide extraction by Brande was not 
successful until two full days had passed.!^ 

Home’s lecture roused the ire of John Davy whose 
attack was to become one of the most frequently cited 
papers on respiration written in the early nineteenth 
century. J. Davy directed his attack at Home and 
Charles Scudamore (1779-1849) who came to the 
latter’s aid in 1824.!25 In the course of this polemic, 
Davy raised a very serious and logical objection to the 
belief that carbon dioxide could exist in blood. 
Eventually, his objections led to the first studies of 
CO;-binding in blood. Every scientist acknowledged 
the fact that blood is slightly alkaline. Evidently he 
assumed this was caused by small amounts of caustic 
alkali. 


This then being granted [he wrote], is it not contrary 
to all the rules of chemical science to infer, that blood 
should contain a free acid, even out of the body when 
destitute of life, and when undergoing changes in obedience 
to the laws of chemical attraction acting on dead matter.’”6 


Blood samples absorbed a volume of carbon dioxide a 
third again as great as the volume of blood employed 
and still remained alkaline. This gas was not re- 
trievable by his application of an air pump. 

There were other cogent arguments against the 
existence of gases in blood. If Lavoisier's theory were 
correct, the blood should be free of gases. Martigny's 
work was relatively unknown, and the extractions of 
Brande and Vogel did not produce enough carbon 
dioxide to warrant suspicion of a respiratory origin. 
The role of authority came directly to bear on this 
disputed point. Johannes Müller (1801-1858) re- 
ported that he could not induce darkening of the 


12 Sir Everard Home, “The Croonian Lectures. On the 
Changes the Blood undergoes in the act of Coagulation," Phil. 
Trans., London, 108 (1818): p. 181. 

123 “Additions,” p. 185. 

124 Thid., pp. 188-189. 

25 Charles Scudamore, An Essay on the Blood (London, 1824), 
pp. 103-106. 

26 John Davy, "Observations relative to the question, ‘Is there 
any free Carbonic Acid in the Blood?” Edinb. Med. & Surg. Jour. 
29 (1828): pp. 253-254; see Berzelius, Jahres-B. 10 (1831): p. 233. 

27 H, Milne-Edwards, “Blood,” The Cyclopaedia of Anatomy 
and Physiology, ed. Rbt. B. Todd (London, 1835-1836) 1: p. 405. 
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blood by placing it in a vacuum"? and concluded that 
there are no gases in the blood. Müller upheld the 
traditional theory that combustion took place in the 
lungs.!3? 

In view of this controversy, it is not surprising 
that compromise theories (or better speculations) were 
suggested. Explanations which could strike a balance 
between adherents of the blood site of respiration and 
those who could not verify the existence of gases in 
the blood. One such compromise was to treat respira- 
tion as a nutritional process as did F. Hünefeld in 1826: 


Durch das Athmen wird nicht nur der aus dem Ductus 
thoracicus herrührende Saft erst vollkommen in Blüt 
verwandelt, sondern auch das für die Ernährung un- 
tauglich gewordene venóse Blut wiederun im arterióses 
umgeándert, der Faserstoff und das Blutroth werden 
vorzüglich erst durch den organisch-chemischen Process 
der Respiration gebildet, und ihre Stórung muss noth- 
wendig auch eine Störung der Ernährung nach sich ziehen.™! 


A still more satisfying compromise was developed 
in 1834 through the combined efforts of E. Mitscher- 
lich, L. Tiedemann, and F. Gmelin.“2 Their method 
of blood analysis took over three weeks to complete, 
and hence their quantitative data is worthless by 
modern standards. Nevertheless they did discover 
that carbon dioxide was bound within blood serum 
by carbonate salts. They could extract carbon 
dioxide from the blood only by combining the vacuum 
technique with the addition of acetic acid to the 
blood.3? J. Davy’s idea that blood did not contain 
free gases seemed to be true, but blood alkalinity was 
due to carbonates and not the destructive free alkali. 
The carbonate binding theory could also account for 
the fact that the blood held more carbon dioxide than 
did the same volume of water. 


Es geht hieraus, dass sowohl im arteriellen als im ven- 
ösen Blute gebundene Kohlensäure vorhanden ab, welche 
beim venósen mehr als beim arteriellen betragen móchte. 
Demnach ist die schwach alkalische Natur des Blutes 
nicht sowohl von átzendem als vielmehr von kohlensaurem 
Alkali abzuleiten.'^ 


28 Johannes Müller, Handbuch der Physiologie des Menschen 
(2 v., Coblenz, 1835) 1: pp. 307-308. 

129 Thid., p. 310. 

130 Toid., p. 290: . . . dass der grösste Theil des beim Athmen 
verschwinden Sauerstoffgases durch Verbindung mit Kohlenstoff 
des Blutes in des Lungen Kohlensaure bilde, die frei werde, und 
der übige Theil des beim Athmen verschwindenen Sauerstoffgases 
durch Verbindung mit Wasserstoff des Blutes das ausgeathmete 
dunstfórmige Wasser bilde.” 

131 Friedrick Hünefeld, Physzologische Chemie des menschlichen 
Organismus (Breslau, 1826), Th. 2: p. 230. 

12 E. Mitscherlich, L. Gmelin and F. Tiedemann, “Versuche 
über das Blut," Ann. d. Chemie u. Pharm. (Liebig) 12 (1834): pp. 
346-354. Hereafter referred to as Liebig's Ann. This article 
with minor variations also appeared in the Ann. d. Physik 31 
(1834): pp. 289-304 and Ze:schrift f. rationelle Physiologie 5 
(1833): pp. 1-18. 

13 Mitscherlich et al., "Versuche über das Blut," Ann. d. 
Physik 31 (1934): p. 295. 

134 Tbid., pp. 299-300. 
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Mitscherlich e£ al. devised a hypothesis which they 
knew was not founded on proven fact but which 
accounted for all of the diverse facts concerning 
"respiration proper."!355 They hoped to encourage 
further research on the chemistry of respiration by 
their tentative conclusions. Oxygen enters the lungs 
and penetrates the vascular tissue because of the 
attraction of the blood for oxygen. The small 
amounts of nitrogen which were thought to serve a 
respiratory function moistened the vascular mem- 
branes. Part of the oxygen which entered the blood 
formed carbon dioxide and water immediately; the 
remaining portion united chemically with the blood. 
This combination of oxygen with blood set up a chain 
reaction of chemical combinations and rearrange- 
ments. Somehow sodium acetate was released in the 
area of the lungs; when the oxygen combined with 
blood, the acetic acid in this salt was released. The 
acetic acid in turn, as their experiments indicated, 
released the carbon dioxide which was stored in the 
body in the form of bicarbonate salts. The source of 
the original sodium acetate was thought to be the 
result of some organic secretion.?9$ The acetic or 
lactic acid which the intermediary theory relied upon 
were never actually verified as being present in the 
area of the lung. Shortly thereafter F. Gmelin 
admitted privately that the theory had no real basis." 

This intermediate acid theory drew the attention of 
the best scientists of the period. Within the year 
Heinrich Rose (1795-1864) published a paper indicat- 
ing that enough carbonate salts existed in the blood to 
account for all of the carbon dioxide released in the 
process of respiration.?? Berzelius did not approve of 
the theory (for the wrong reasons)!? but J. Davy 
approved of it after minor modifications.'^ J. Liebig 
reported favorably on the theory,’ and Johannes 
Müller was highly enthusiastic.!? The concept of 
bound blood gases was not immediately applied with 
any success to the process of respiration, but it will be 
of great importance in the future of respiratory theory. 
For the present the most important contribution of 
Mitscherlich, Tiedemann, and Gmelin was populariz- 


135 Thid., p. 348; for a criticism of the intermediate acid theory 
see Williams, London Med. Gaz. 16 (1835): p. 812. 

136 Thid., pp. 300—303; Liebig's Ann. 12 (1834): pp. 349-350. 

137 Gustav Magnus in a Letter to Berzelius, 20 April 1837, 
Eduard Hjelt, ed. and tr., Aus Jacob Berzelius’ und Gustav 
Magnus’ Briefwechsel in den Jahren 1828—1847 (Braunschweig, 
1900), pp. 23-24. 

133 Heinrich Rose, "Ueber die Verbindungen der Alkalien mit 
Kohlensáure," Ann. d. Physik 34 (1835): p. 162. 

189 J, Berzelius, Jahres-B 15 (1836): p. 450. 

140 John Davy, Researches, Physiological and Anatomical (2 v., 
London, 1839) 2: pp. 152-153. 

141 Handwörterbuch der reinen und angewandten Chemie (6 v., 
Braunschweig, 1842) 1: p. 876. 

12 Johannes Müller, ‘‘Jahresbericht über die Fortschritte der 
anatomisch-physiologischen Wissenschaften im Jahre 1833," 
Archiv. f. Anat., Physiol. u. wissenschfil. Med. (Müller) 1834: 
p. 104. Hereafter Müller's Arch. 
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ing the fact that a considerable quantity of carbon 
dioxide can be removed from blood. 


DISPLACEMENT THEORIES 


By selecting a new order of priority for the problems, 
still another conception of respiration evolved. As 
previously mentioned, our third type of explanation 
relied to a great extent on a physical rather than 
organic approach. William Stevens (1786-1868), an 
English surgeon, did not believe that oxygen arterial- 
ized the blood. Instead he suggested that saline 
matter in blood brightened its color.! Placing a clot 
of blood (not whole blood) in a beaker of water, 
Stevens found that exposure to oxygen did not 
brighten the color of the clot. When a strong saline 
solution replaced the water the clot turned bright 
red—even in a carbon dioxide atmosphere.!^* 

One might ask, what advantages did Stevens expect 
from reviving this eighteenth-century concept of blood 
coloration ?!45 While in France, Stevens had made the 
acquaintance of William Edwards who had convinced 
him that blood contains carbon dioxide. 5 Stevens 
believed that the greatest obstacle to belief in blood 
gases was the famous objection of J. Davy. Davy, 
as you recall, could not imagine how an alkaline solu- 
tion could carry carbonic acid in the free state. 
Stevens correctly reasoned that Davy's evidence was 
conjectural and theoretical while W. Edwards's argu- 
ments were based on observations and circumstantial 
evidence. Stevens therefore turned the tables on J. 
Davy's argument so as to favor his own position: 


We may, therefore, change the form of the argument, 
and say, that the alkalies can no more exist in a free state 
in the same fluid with a free acid, than carbonic acid can 
exist in a free form in the same fluid with a free alkali. 
Now, as it has been proved, that free carbonic acid does 
exist in the venous circulation, we may safely conclude 
that the agent in the serum, which gives a brown color 
to the tumeric paper, is not a free alkali, but one, or 
perhaps more, of the alkaline carbonates.!4 


Granting the existence of carbon dioxide in blood and 
his salt theory, Stevens was able to construct a co- 
herent hypothesis. 

Normal blood, colored red by salts, appears dark 
in the venous system because the carbon dioxide it 
carries masks the bright color. It is important to 


148 William Stevens, Observations on the Healthy and Diseased 
Properties of the Blood (London, 1832), p. 9. 

14 Ibid., pp. 10-11. 

145 Jean Eller, ‘‘Nouvelles experiences sur le sang humain," 
Mém. del Academie des Sci. et Belle Lettres, Classes de Philosophie 
Experimentale 7 (1751): pp. 13-15. 

146 W. Stevens, Observations . . 
(1832), pp. 90-91. 

M7 Ibid., p. 26. There is no evidence that would indicate a 
connections between Stevens and the team of Mitscherlich, 
Tiedemann, and Gmelin. Itappears that each came to the same 
conclusion independently and on quite different grounds. 

148 Ibid., p. 27: ‘‘Carbonic acid, however, is the cause of the 
dark colour in the venous current, and when this is attracted, or 
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realize that Stevens believed carbon dioxide existed, 
if not exclusively, at least primarily in the venous 
system. A corollary to Stevens’s reasoning was the 
first argument for the tissues or at least the capillaries 
being the site of formation of carbon dioxide since the 
time of Spallanzani. Stevens’s shrewd reasoning was 
as follows: 


Those who argue that the union of oxygen with carbon 
takes place in the lungs, believe that the carbonic acid 
may be formed in these organs in one or other of two dif- 
ferent ways. In the first place, it is supposed that the 
carbon may leave the blood of its own accord, penetrate 
the membrane, and combine with the oxygen in the air- 
cells. This, however, is impossible; for carbon is one of 
the most fixed agents in the whole range of existence; 
and though this may attract oxygen through the mem- 
brane into itself, yet oxygen cannot attract carbon through 
the membrane into the cells; and as carbon is a fixed 
substance, and has no inherent power of penetration, it 
consequently cannot exhale or penetrate the membrane, 
to units with the oxygen out of the blood. 

It has been supposed by others, that the oxygen passes 
through the membrane to unite with the carbon in the 
circulation; and that the carbonic acid is thus formed, not 
in the cells, but in the blood itself. To this it may be 
answered, that carbonic, like all other acids, gives a dark 
colour even to arterial blood, and if this acid were in 
reality, formed in the lungs, not in the cells, but tn the 
blood. itself, then the first effect of the air would not be to 
brighten, but to make the blood much blacker in colour 
than it had been before. 

This, however, is exactly the reverse of what occurs in 
reality. . . .14 


As Stevens did not require oxygen to brighten blood 
passing through the lungs, the old equivalency con- 
cept of input and output reappears; the oxygen which 
disappears following absorption is once more exactly 
equal to the liberated carbon dioxide.’ He per- 
formed a series of experiments with gases and bladders 
which gave him the false impression that oxygen had 
an attractive affinity for carbon dioxide which ex- 
tracted it from the lungs.!? Subsequent to his mono- 
graph of 1832, Stevens was able to extract carbon 
dioxide from blood but not with the aid of a vacuum 
pump. By exposing a blood sample to a stream of 


removed by the oxygen of the air, the colour almost instantly 
changes from a dark purple to a bright scarlet, such as we observe 
it in the arterial circulation.” 

19 Ibid., pp. 52-53; see also his “Observations on the Theory 
of Respiration," Phil. Trans., London, 125 (1835): p. 349. 

150 Observations . . . and Properties of the Blood (1832), pp. 
56-57. 

151 Tbid., pp. 88-89: “A piece of moist bladder was tied firmly 
over a tumbler of carbonic acid, and when this was exposed to the 
air, a part of the acid was evidently removed by the oxygen, 
faster than the air could enter, for the volume of the acid in the 
tumbler was soon diminished, and the membrane became concave 
from the atmospheric pressure. But when I reversed this experi- 
ment, and tied a piece of white leather . . . over a tumbler of 
common air, and then immersed it in the carbonic atmo- 
sphere . . . , there was soon such an increase of volume in the 
air contained in the tumbler, that the membrane swelled up, and 
became so very tense, that I was obliged to remove it . . . for 
fear that the glass might burst in my hand." 
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pure hydrogen he was able to remove a considerable 
quantity of carbon dioxide.!? The proof that extract- 
able gases existed in the blood was now overwhelm- 
ing. In this 1835 paper he also emphasized that the 
capillaries were the site of organic combustion.1 
The capillary site of combustion was the choice of the 
majority of biologists until the 1870's despite repeated 
attempts to prove that combustion took place in the 
tissues. Although oxygen did not have an attractive 
affinity for carbon, he went on to state that it could 
attract carbon dioxide: 


It [oxygen ] removes the carbonic acid, which had been 
the cause of the dark colour of the blood. When this is 
removed, or perhaps in proportion as it is removed, the 
blood becomes the attracting agent, and a portion of 
oxygen is attracted into the blood, and takes the place of 
the carbonic acid. . . .194 


Stevens's work was given a mixed reception. 
Berzelius believed coloration by salts might be 
possible,!5* and J. Müller, unable to extract gases from 
blood, believed it.15* Less gullible men pointed out 
that blood is not a concentrated salt solution.!57 
Acutally salts do effect the intensity of blood color, 
but they are not the cause of color shifts during 
pulmonary transit. Notwithstanding these obvious 
technical difficulties, Stevens's ideas were to have a 
powerful impact on the course of respiration research. 
Although obviously ignorant of the Dalton-Henry gas 
laws, his ideas were incorporated into the mechanistic 
views of Gustav Magnus, who utilized the gas laws 
in place of Stevens's attraction. 

Stevens's explanation is classed as a displacement 
theory because of the implication that the input of 
oxygen must equal the output of carbon dioxide. 
This was not a new idea; the possibility that some sort 
of displacement was possible was discussed by Fried- 
rich Nasse (1778-1851) around 1816.59 Without 
positive evidence for the existence of gases in the 
blood Nasse dismissed the matter. By 1835, however, 
the presence of carbon dioxide in the blood was 
accepted by many scientists and the presence of 
oxygen suspected. In spite of the lack of positive 


1? W, Stevens, "Observations on the Theory of Respiration,” 
Phil. Trans., London 125 (1835): p. 347. 

153 Thid., pp. 351-252. 

154 Thid., p. 353. 

155 J, Berzelius, Jahres-B. 13 (1834): p. 371. 

155 J. Müller, Handbuch der Physiologie des Menschen (2 v., 
Coblenz, 1835) 1: p. 306. 

157 W., Gregory, "Experiments on the Arterialization of Blood,” 
Edinb. New Phil. Jour. 11 (1834): pp. 185-186; C. Williams, 
"Observations on the Changes Produced on the Blood in the 
Course of its Circulation," London Med. Gaz. 16 (1835): pp. 
786-787. 

158 F, Nasse, "Uber das Athmen,” Deutsches Archiv f. Physiol. 
(Meckel) 1816, 2: pp. 200-203. Mechanical analogies, affinities 
and attractive powers were hinted at even earlier; see Goodfield, 
Growth of Scientific Physiology (1960), pp. 81-84 and Mendelsohn, 
“Controversy over the Site of Heat Production,” Proc. Amer. 
Philos. Soc. 105 (1961): p. 418. 
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proof of the presence of oxygen (i.e., extraction), 
hypotheses were formulated on the assumption that 
it did indeed exist in blood. In the hands of Charles 
Williams (1805-1889) such an assumption led to an 
explicit theory of displacement. In 1835 Williams 
wrote: 


The oxygen gas of the respired air, prevading the parieties 
of the pulmonary vessels, displaces, by virtue of tts superior 
affinity, an equal bulk of carbonic acid gas, and thus converts 
venous blood into arterial blood.'®9 


Williams hit upon the correct reason for the ‘“‘attrac- 
tion" of carbon dioxide by oxygen: the partial pres- 
sure law of John Dalton and the diffusion law of 
Thomas Graham (1805-1869).160 

Two American scientists also referred to Graham's 
diffusion experiments in relation to respiration in 
1830—five years before Williams' paper.!! However, 
without direct evidence of the presence of free oxygen, 
or at least extractable oxygen, the displacement theory 
was a speculative dream without any foundation. 
These theories are important for three reasons: (1) 
they show the interest of biologists in finding a respi- 
ratory mechanism which was in agreement with the 
known physical and chemical laws; (2) they demon- 
strated a keen concern for the method of actual 
gaseous exchange (the observable side of the respira- 
tory process); and (3) they provided Magnus with a 
workable respiratory theory once oxygen was dis- 
covered in the blood. 

Each of the theoretical constructs formulated in the 
early 1830's—secretory, metabolic, and exchange— 
ultimately came to rest upon the question of the 
presence of oxygen in the blood. To determine the 
validity of any explanation of "respiration proper” 
required a knowledge of whether oxygen did enter the 
blood and, if so, was it present, chemically, physically, 
or by some weak bond similar to the example of carbon 
dioxide. The search for and discovery of oxygen in 
the blood was the direct outcome of an intense period 
of speculation on the mechanisms of "respiration 
proper." The fact that the discussion of blood gases 
received widespread attention of the scientific com- 
munity after oxygen was found in the blood should 
not blind us to the origins of this discovery in ongoing 
research problems related to ''respiration proper." 


THE DETECTION OF OXYGEN 


Gustav Magnus (1802-1870) studied at the Uni- 
versity of Berlin under E. Mitscherlich and H. Rose— 
two men who showed a great deal of interest in the 
chemical properties of the blood—and later spent two 


19 C. Williams, London Med. Gaz. 16 (1835): p. 785. 

160 Tbid., p. 787. 

161 Edwin Faust, "Experiments and Observations on the End- 
osmose and Exosmose of Gases, and the Relation of these Phe- 
nomena with the Function of Respiration," Amer. Jour. Med. Scz. 
7 (1830): pp. 23-26; J. Mitchell, "On the Penetrativeness of 
Fluids," op. cit., pp. 36-67. 
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years under Berzelius. During his Privat Docent 
years at the University of Berlin, Magnus became 
interested in his assistant's repetition of the experi- 
ments (mentioned above) performed by William 
Stevens.!® Magnus therefore began his research in 
blood gases completely aware of the theoretical 
developments which rested upon this research. 
Stevens's work represented the physical view while 
his own teachers H. Rose and E. Mitschlerlich have 
been shown to favor the metabolic or chemical 
approach to respiration. 

Magnus succeeded in extracting carbon dioxide by 
Stevens's method, but he questioned the negative 
results reported in the literature which utilized the 
vacuum pump.!® After several years’ work he re- 
ported the results in the Annalen der Physik (1837); 
a lengthy abstract appeared in the Annales de chimie 
et physique of the same year. Magnus was able to 
extract all three components of the atmosphere from 
blood: carbon dioxide, nitrogen, and the illusive 
oxygen. Like Martigny, Magnus developed an ex- 
traction technique based upon use of the Torricellian 
vacuum. Magnus does not refer to Martigny, yet his 
mention that taking the vacuum below one inch was 
necessary to extract oxygen is strong circumstantial 
evidence suggesting that he was aware of this pre- 
vious application of the technique. 

Flask a (fig. 1) was filled with mercury, the blood 
samples placed in b, and the remainder of b filled with 
mercury. By completely filling the system with 
mercury all contact with atmospheric air was pre- 
vented. Then the bell jar was evacuated with an air 
pump; consequently the level of the mercury in the 
flask dropped through the hole in the bottom of a 
producing a Torricellian vacuum. When the valve 
between a and b was opened the blood became subject 
to the vacuum releasing the gases it contained. These 
gases were collected for analysis in tube 0.'*% The 
process was laborious and had to be repeated many 
times to remove all of the gases the technique would 


1? E. Hjelt, Briefwechsel (1900), p. 96; G. Magnus, “Uber die 
im Blut enthaltenen Gase, Sauerstoff, Stickstoff und Kohlen- 
sdure,’ Ann. d. Physik 40 (1837): p. 585; and in the abstract 
"Sur les Gaz que contient le Sang: Oxigéne, Azote et Acide 
Carbonique," Ann. de Chimie 45 (1837): p. 171. 

163 Hjelt, Brzefwechsel (1900), letter from Magnus to Berzelius, 
20 April 1837, pp. 122-123: "Ich hatte diese Gesart nicht nur, 
wie die Englander Hoff mann und Stevens, durch Wasserstoff oder 
Stickstoff abgeschieden, sondern auch durch die Luftpumpe, und 
war überzeught, dass Gmelin's, Mitscherlich's und Tiedemann's 
Versuche mit der Luftpumpe zu falschen Schlüssen geführt 
hatten. Wiewohl alle diese Facta vollkommen festgestellt waren 
und sich auch zeigen zu kónnen glaubte, weshalb die Heidelberger 
Versuche solche Resultate gegeben, so wagte ich dennoch nicht, 
mit denselben hervorzutreten, denn diese Versuche enthielten 
keine neue Thatsache, sie bestátigten oder widerlegten nur andere 
Angaben, und es blieb jedem Leser noch immer der Zweifel, ob 
ich oder meine Vorgánger richtiger beobachtet hatten." 

164 G. Magnus, "Ueber die im Blut enthaltenen Gase," Ann. 
d. Physik 40 (1837): p. 594: there is no drawing of the apparatus 
in the French abstract. 
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permit. The entire procedure required three to six 
hours of continuous effort.. Magnus became con- 
vinced that respiration took place in the blood and 
that all of the inspired oxygen which did not reappear 
in exhaled air went into the formation of carbon di- 
oxide.!95 His experiments revealed the astonishing 
fact that carbon dioxide, nitrogen, and oxygen were 
present in both the arteries and the veins.!65 

The discovery of what appeared to be free oxygen 
in the blood had a dramatic impact upon respiratory 
theory. His discovery was recognized by even the 
most adamant objectors to the free-gas theory.!® 
Henceforth all respiratory research was based upon 
blood-gas analysis. The flurry of constructive specu- 
lations was now woefully in need of revision. That 
oxygen could be retrieved appeared to deal a fatal 
blow to the concept that oxygen combined with the 
blood. If “free” oxygen was present, what indeed 
caused arterial blood to turn red? Even more dis- 
concerting was the fact that oxygen was extracted 
from venous as well as arterial blood. How could 
oxygen be the cause of the arterial color of blood? 
As carbon dioxide was also extracted from both the 
arterial and the venous system, the simplistic dis- 
placement theories which suggested that oxygen 
pushed out, drew out, or in some manner replaced 
carbon dioxide in the lungs appeared highly doubtful. 
If carbon dioxide were a specific organic secretion, 
why would it appear in such large quantities in the 


165 Tbid., p. 583; "Sur les gaz que contient le sang: oxigéne, 
azote et acide carbonique,” Ann. de chimie 45 (1837): pp. 169-170. 

166 Ann. d. Physik, pp. 588-591; Ann. de chimie, pp. 175-176. 

167 Johannes Müller, “Jahresbericht ...im Jahre 1838," 
Miiller’s Arch. 1838: pp. cviii-cix; J. Berzelius, Jahres-B. 18 
(1839): p. 553: "Diese Versuche scheinen also darzulegen, dass 
die Bildung des Kohlensáuresgases erst bei dem Kreislauf des 
Bluts im Körper erfolgt, und nicht durch eine Art Oxydations- 
process in den Lungen." 
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arterial system? If oxygen was metabolized as the 
organic chemists thought, why was it found “free” 
in both veins and arteries? Only one of the three 
theories could easily be revised to fit the facts, the 
exchange or displacement theory which Magnus 
favored. 


REVISION: THE SECOND PHASE 


The period of interest in and discovery of blood 
gases coincides with efforts to establish the physical 
approach in German biological thinking. Gustav 
Magnus, who successfully extracted blood-bound 
oxygen, formed a circle of biophysical thought in 
Berlin which included Herman von Helmholtz, Emile 
du Bois-Reymond, and Ernst Briicke. As might be 
expected, the biophysical view saw great promise in 
Lavoisier’s concept of a balanced input-output of 
respiratory gases. For Magnus the crude form of 
this argument was presented in the works of William 
Stevens. What G. Magnus failed to grasp however 
was the full impact of his own discovery. Respiration 
as a term now required qualification for there were 
two points of exchange to consider. Atmospheric air 
had first to enter the lungs and secondly to pass from 
the lungs into the blood stream at the same time that 
carbon dioxide went in the reverse direction. Most 
scientists of the thirties and forties assumed that the 
lung had no specific role in respiration other than pro- 
viding an enormous surface area for the exchange of 
gases, a sort of ''screen door” to allow the circulation 
of the air. The assumption was well suited to at- 
tempts at applying physics to biology and took the 
form of a hypothesis that free gases underwent free 
exchange in the lungs and the blood. 

The free exchange or displacement theories were 
devised in one fashion for the lung and in another for 
the blood. Because of their simplicity and applica- 
tion of the physical laws of science to the realm of the 
living, they presented an enticing theoretical view of 
respiration. It was this characteristic of simplicity 
which brought disfavor upon the physical theories of 
respiratory exchange. The displacement theorists 
ignored the fate of oxygen within the body and the 
origin of carbon dioxide at a time when physiological 
chemists were providing interesting answers to these 
bodily mysteries. The fundamental laws which the 
physical theorists applied to respiration do, in fact, 
play a role in the exchange of respiratory gases. In 
spite of this "truth" the physical theories were re- 
jected by the scientists of the 1840’s and 50’s. 

One of the primary causes of this rejection was the 
polarization of scientific opinions which occurred at 
mid-century. Both the physiological chemists and 
the biomechanists claimed the sole ability to unveil 
the processes of life, the former by the application of 
chemical principles, the latter by the application of 
physical and mathematical laws. The decade 1840 
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and 1850 was particularly resplendent with mechanists 
fighting the vitalistic interpretation of living processes. 
In their zealous application of the physical laws to 
biology, they frequently oversimplified biological 
phenomena in order to obtain a good fit between data 
and theory. 

Physiological chemists, proponents of an equally 
new and vibrant point of view for the study of biology, 
were making discoveries which appeared to rule out 
any application of the physical laws. The majority 
of scientists chose to adhere to either the physical or 
the chemical approach to blood-gas physiology. Only 
a few men became interested in the qualities of each 
point of view and tried to incorporate them into a 
meaningful mechanism of gaseous exchange. The 
elucidation of physical mechanisms for the passage of 
gases inward and outward from the blood and the 
failure of these mechanisms to account for the 
phenomena will be closely examined in the following 
pages. 

The analogy drawn between the physical laws of 
gaseous behavior and the process of respiration very 
often implied more than a mere ad hoc explanation. 
Respiration was a unique phenomenon in that the 
passage of two different gases, in two different direc- 
tions, took place at the same time. It was shown pre- 
viously that the first applications of a physical ap- 
proach to respiration implied that one gas was re- 
sponsible for the transmission of the other. Either 
the exchange took place as a result of the chemical 
affinity of oxygen for the blood (W. Stevens) or be- 
cause the oxygen actually displaced the carbon dioxide 
from the blood (C. Williams). 

The belief that the entrance of oxygen into the 
blood was in some manner responsible for the release 
of the carbon dioxide from the blood stream is borne 
out by the insistence that the one volume of oxygen 
was ‘‘exchanged” for one volume of carbon dioxide. 
In spite of the evidence or at least opinions to the 
contrary, many of the early physical theorists be- 
lieved that these gases were exchanged in equal 
amounts. A second although less common hypothesis 
for respiratory gas exchange suggested that oxygen 
is contained exclusively in the arteries and carbon 
dioxide exclusively in the viens.!$$ The intimation 
that some type of displacement of the preformed 
carbon dioxide was implied in this distinction. The 
idea required drastic revision when G. Magnus in- 
dicated that carbon dioxide and oxygen could be 
extracted from both the arterial and the venous 
systems. 


168 As previously shown, the concept of anatomically segregated 
blood gases (CO» and O2) was implicit in the words of W. Stevens, 
Phil. Trans., London, 125 (1835): p. 353, and C. Williams, Lond. 
Med. Gaz. 16 (1835): p. 785. T. Bischoff wrote specifically of 
such a division in 1847, see G. Magnus, Ann. d. Physik 40 (1837): 
p. 591. The concept was not entirely original with the above 
scientists, see John Murray, Elements of Chemistry (2 v., Edin- 
burgh, 1801) 2: pp. 324—325; 330-331. 
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The biophysical theories of respiration were based 
upon the laws which govern the behavior of gases. 
Specifically, they relied upon the discoveries of three 
men: William Henry (1774-1836), John Dalton 
(1766-1844), and Thomas Graham (1805-1869). In 
the eighteenth century Henry Cavendish discovered 
that the temperature of a liquid influenced its ability 
to absorb gases. This was the first indication of the 
effects of physical conditions on the process of ab- 
sorption. Therefore, when W. Henry (1804) took up 
the study of the absorption of gases by liquids, he 
examined the effects of the alteration of physical con- 
ditions on the absorption process. Following the ad- 
vice of John Dalton, Henry varied the amounts of gas 
exposed to the absorbing surface of a liquid and found 
that: 


Thus when two measures of carbonic gas were agi- 
tated with one of the water, the absorption was consider- 
ably greater than when, to the same quantity of water, 
a less proportion of gas was used. The cause of this 
diminished absorption, seems to be connected with 
the proportion of the common air contained in the un- 
absorbed residuum. . . .!6? 


W. Henry concluded that this effect was due to the 
pressure of the gas being absorbed: 


Water takes up, of gas condensed by one, two, or more 
additional atmospheres, a quantity which, ordinarily 
compressed would be equal to twice, thrice, etc., the 
volume absorbed under the common pressure of the 
atmosphere.!” 


One year later John Dalton personally enquired into 
the absorption of gases by liquids. He arrived at six 
articles or rules which governed absorption; three of 
these articles form a crucial component of the physical 
theories of respiration. Article four which follows is 
a statement of Dalton's famous law of partial pressure: 


If a quantity of water free from air be agitated with a 
mixture of two or more gases (such as atmospheric air) 
the water will absorb portions of each gas the same as if 
they were presented to it separately in their proper 
density.!! 


Articles five and six are specific laws which Gustav 
Magnus evoked when he stated that gaseous exchange 
in blood followed Dalton's laws. 


If water impregnated with any one gas (as hydrogenous) 
be agitated with another gas equally absorbable (as 
azotic) there will apparently be no absorption of the latter 
gas; just as much gas being found after agitation as was 
introduced into the water; but upon examination the resid- 
uary gas will be found a mixture of the two, and the parts 
of each, in the water, will be exactly proportional to those 
out of the water. 


169 W, Henry, “On the Quantity of Gases Absorbed by Water," 
Phil. Trans., London, 1803, 1: pp. 33-34. 

110 Tbid., p. 42. Henry subsequently modified his purely 
mechanical interpretation of absorption, see p. 274. 

171 J. Dalton, “On the Absorption of Gases by water and other 
liquids," Lit. and Phil. Soc. Manchester, Mem. ser. 2, 1 (1805): 
p. 273. 
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If water impregnated with any one gas be agitated with 
another gas less or more absorbable, there will apparently 
be an increase or diminution of the latter; but upon ex- 
amination the residuary gas will be found a mixture of 
the two and the proportions agreeable to article 4.1” 
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But pressure was not a complete explanation of the 
absorption process. In a paragraph reminiscent of 
Pythagorean numerology, Dalton suggested that vari- 
ations in the amount of gas absorbed followed an 
arithmetic progression based upon the individual 
gas.!? Dalton thought these differences might be due 
to the weight and number of the particles making up 
each gas, but he rejected it in a footnote.!7* 

An explanation of these differences in absorption 
was provided twenty years later by Thomas Graham. 
Inspired by Faraday's liquefaction of gases (1823), 
Graham reexamined the absorption of gases by liquids. 
Starting from the fruitful insight that gases are 
simply ''volatilized liquids, ! he correctly rejected 
Henry's concept that the absorption of gases is di- 
rectly proportional to the pressure of the gas. Only 
gases of low solubility followed the pressure laws 
exactly ;75 Graham believed that in the liquefied state 
the particular affinities of the gases and the solvent 
are free to influence one another. He also explained 
why Henry's belief that absorption was related to the 
residual gas was correct. ''For all liquids continue 
to evaporate until they are pressed upon by an atmo- 
sphere of their own vapour, equal in elasticity to that 
which they are capable of evolving at the temperature 
of the experiment.” 17” 

Experiments on the diffusion and osmosis of gases 
occupied the next fifteen years of Graham's life. In 
1831 he presented a paper before the Royal Society of 
Edinburgh which contained the famous law of gaseous 
diffusion which bears his name: 


The diffusion or spontaneous intermixture of two gases 
in contact, is effected by an interchange in position of 
indefinitely minute volumes of the gases, which volumes 
are not necessarily of equal magnitude, being, in the case 


1? Ibid., pp. 273-274. 

17? Tbid., p. 271: “If a quantity of water thus freed from air be 
agitated in any kind of gas, not chemically uniting with water, 
it will absorb its bulk of the gas, or otherwise a part of it equal 
to some one of the following fractions, namely, 1/8, 1/27, 1/64, 
1/125, etc. these being the cubes of the reciprocals of the natural 
numbers1,2,3 . . . , the same gas always being absorbed in the 
same proportion. . . . " 

174 Tbid., p. 286; for a full discussion of the problem see E. L. 
Scott, "Dalton and William Henry," John Dalton and the Progress 
of Science, ed., D. S. L. Cardwell (New York, Barnes & Noble, 
1968), pp. 229-231. 

175 T, Graham, "On the Absorption of Gases by Liquids," Ann. 
Phil., n.s., 12 (1826): p. 70; or Thomas Graham, Chemical and 
Physical Researches (Edinburgh, 1876), p. 2. 

176 T, Graham, “On the Absorption of Gases by Liquids," 
Ann. Phil., n.s., 12 (1826): p. 73; Chemical and Physical Re- 
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of each gas, inversely proportional to the square root of the 
Density of that gas.!7? 


In his experiments on this diffusion law it was 
assumed that the initial volumes, temprature, and 
pressure of each of the gases were the same.!” The 
law was derived experimentally by placing two differ- 
ent gases on either side of a stucco-plug with openings 
of 0.12 and 0.07 inch in diameter and after a period 
of time observing the composition of the gaseous 
mixtures on either side of the plug. Since the rate of 
diffusion of each gas varied, he later deduced that the 
rate of diffusion was dependent upon the density of 
the specific gases involved. 

When Graham presented his results before the Royal 
Society of Edinburgh, he suggested that the law of 
diffusion might well be applied to the pulmonary 
exchange of the respiratory gases: 


I may be allowed to mention an application of the law 
of diffusion, in explanation of the mechanism of respiration. 
The cavity into which air enters during respiration, con- 
sists, first, of a large tube, the windpipe; secondly, of 
smaller tubes, into which the windpipe diverges; and 
thirdly, of a series of still smaller tubes, diverging from the 
last, themselves ramifying to an indeterminate extent, 
till at last the tubes cease to be of sensible magnitude, but 
are believed to terminate in shut sacs. The capacity of 
the whole cavity cannot be easily determined, but we 
may estimate it at 300 cubic inches. In a natural expi- 
ration, about twenty cubic inches, or 1/15th of the contents 
are thrown out, from the application of a general pressure 
to the whole. But it is evident, that these twenty cubic 
inches will be the twenty cubic inches nearest the outlet, 
or the contents of the larger tubes. The contents of the 
second-sized tubes will advance at the same time into 
larger tubes, but no further, and will recede again into 
their original depositories on the next inspiration, which 
will fill the larger tubes with fresh air; which identical 
quantity will again be expelled in the next expiration. 
This illustration 1s perhaps too strongly stated; but it is 
evident, that, on ordinary respiration, the slight mechanical 
compression will have little or no effect in emptying the 
most distant tubes, or the ultimate air cells, of their con- 
tents. The bulk of the air, also, is not altered during 
respiration, although, for a quantity of oxygen, carbonic 
acid gas is substituted. This substitution which is the 
great end of respiration, undoubtedly takes place most 
abundantly in the minute and distant air-cells, which 
present the largest surface to the blood; and the carbonic 
acid there produced, must be moved along the smaller 
tubes by the diffusion process. .., till it is thrown into 
the larger tubes, from which it can be expelled by the 
ordinary action of respiration. But the action of diffusion 
is always twofold; at the same time that carbonic acid is 
being carried outward from the air-cells, oxygen is carried 
inward in exchange, and thus the necessary circulation 
kept up throughout the whole lungs.!9? 


178 T, Graham, ''On the Law of Diffusion of Gases," Roy. Soe. 
Edinb., Trans. 12 (1834): p. 222; the paper also appeared in the 
Phil. Mag. 2 (1833): pp. 175-190, 269-276, 351-358; and Ann. d. 
Physik 28 (1833): pp. 311—358. 

19 T. Graham, "On the Motion of Gases," Phil. Trans., 
London, 136, (1846): p 573; “On the Law of the Diffusion of 
Gases," Roy. Soc. Edinb., Trans. 12 (1834): p. 258. 

189 T, Graham, "On the Law of the Diffusion of Gases," Roy. 
Soc. Edinb., Trans. 12 (1834): pp. 255-256. 
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Graham also used the diffusion laws to predict that 
more oxygen should be absorbed than carbon dioxide 
given off in respiration: 


The heavy carbonic acid which these minute cells may 
contain, is not merely exchanged for oxygen, but for a 
larger volume of oxygen, in the proportion of the diffusion- 
volumes of carbonic acid and oxygen, namely, 81 carbonic 
acid are replaced by 95 oxygen. The resistance to passage 
through the most minute tubes is overcome by the diffusion 
action, as in the case of the pores of the stucco-plug, and 
there follows a tendency to accumulation on the side 
originally occupied by the carbonic acid. This accumu- 
lation is limited by the increased facility with which the 
air-vessels can empty themselves mechanically of a portion 
of their contents from their distended state.!! 


These paragraphs were of great importance in the 
development of theories about the exchange of gases 
in the lung. The rediscovery and general acceptance 
of the fact that there is less carbon dioxide released 
than oxygen inhaled occurred after Graham's pre- 
diction in 1832.  Ironically, G. G. Valentin's respira- 
tory theory, based upon the suggestion by Graham, 
was not sanctioned by Graham. He did not even 
discuss the theory of pulmonary diffusion in his very 
popular Elements in Chemistry (1843); he supported 
the older theory of Mitscherlich, Tiedemann, and 
Gmelin (1834).182 

Hence the laws of gaseous exchange in air and in 
liquids were already well established when respiration 
itself appeared to be a dual system of exchange. 
Scientists were soon to draw upon these laws to 
explain the process of respiration. The work of J. 
Dalton and W. Henry was carried out on gas-liquid 
systems; Graham’s diffusion experiments dealt with 
two-gas systems. The exchange in the blood was 
interpreted according to the Henry-Dalton laws of 
gaseous absorption (gas-liquid system). The ex- 
change in the lung between the respiratory and the 
atmospheric gases were explained by the diffusion 
law (gas-gas system). 


GAS EXCHANGE IN THE BLOOD 


When Magnus chose to provide a theoretical frame- 
work for his discovery that oxygen is contained in the 
blood, he put forth a modified version of the older 
displacement theory borrowed from W. Stevens. He 
did this with full knowledge of the current chemical 
work being done on the gases of blood. Placing a 
blood sample in a hydrogen atmosphere created a 
vacuum for any gas dissolved in the blood as the 
theory of T. Graham (1826) and J. Dalton (1831) 
predicted and W. Stevens had found empirically. 
The vapor pressure exerted by the liquefied gas 
(carbon dioxide) is then sufficient to enhance greatly 
the rate of evaporation of that gas from the liquid in 


181 Thid., p. 257. 
18 Thomas Graham, Elements of Chemistry (Philadelphia, 1843), 
p. 685. 
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which it was originally dissolved. Other scientists 
had always used nitrogen or hydrogen for blood 
experiments. Magnus used oxygen and atmospheric 
air to extract carbon dioxide from the blood. The 
use of these gases by Magnus enhanced the credulity 
of the replacement theory. This procedure for gas 
extraction was no longer a mere laboratory curiosity. 
The same conditions as occur in nature led to the 
evolution of carbon dioxide, i.e., carbon dioxide in the 
blood and atmospheric oxygen outside of the blood. 
He was conscious of the pragmatic value of this type 
of example.!* 

Magnus found that his best quantitative results 
were obtained when the blood gases were extracted in 
a Torrecellian vacuum, and the results indicated that 
about one-fourth of a one hundred cubic centimeter 
sample of blood was composed of carbon dioxide.!55 
Oxygen comprised only about a tenth of the volume 
of the blood sample.!86 His determination of the 
carbon dioxide content of dog blood was about fifty 
per cent below the figure of modern standards; his 
determination of the oxygen content of the blood was 
far below normal values. Magnus stated without 
qualification that the gases were taken up and re- 
leased from the blood according to Dalton’s laws of 
absorption.? Having discovered oxygen and carbon 
dioxide in both veins and arteries, Magnus put to 
good use the concept of a residual gas effect just dis- 
cussed. If the gases were displaced according to 
Dalton's law, not all of the carbon dioxide would be 
removed by the absorption of the other gas.!88 Hence 


18 G. Magnus, “Uber die im Blute enthaltenen Gase . . . ," 
Ann. d. Physik 40 (1837): pp. 588-589: "Ich habe eben so auch 
von demselben Blute die Quantitát von Kohlensáure zu bestim- 
men gesucht, welche beim Hindurchleiten von atmosphárischer 
Luft oder von Sauerstoff ausgetrieben wird, und dabei fast diesel- 
ben Zahlenwerthe als bei Anwendung von Wasserstoffgas 
erhalten.”’ 

184 Eduard Hjelt, ed. and tr., Aus Jacob Berzelius’ und Gustav 
Magnus’ Briefwechsel in den Jahren 1828-1847 (Braunschweig, 
1900), Magnus to Berzelius, Berlin, 26 May 1834, p. 96: “Ich 
habe die Versuche jetzt verfolgt und gefunden, dass allerdings 
aus dem venósen Menschenblut durch Wasserstoffgas oder auch 
durch Stickstoffgas Kohlensáure ausgetrieben werden kónne, 
selbst wenn man Blut hierzu anwendet, das unmittelbar aus der 
Ader erhalten worden. Jetzt scheint mir die Frage von Interesse, 
ob man wohl durch diese Gasarten ebensoviel Kohlensáure aus 
dem Blut erhalten kann als durch Sauerstoff; denn bevor dies 
nicht gezeigt ist, iann man keine Schlüsse auf das Athmen machen. 
Dann wáre nach übrig zu zeigen, warum man bei den bischer 
angestellten Versuchen nicht im Stande gewesen ist, die im Blut 
enthaltene, fertig gebildete Kohlensäure zu entdecken.” 

185 Magnus, "Uber die im Blute enthaltenen Gase," Ann. d. 
Physik 40 (1837): p. 588; G. Magnus, ''Sur les Gaz que contient 
le Sang," Ann. de Chimie 45 (1837): p. 174 

186 Magnus, “Ueber die im Blute enthaltenen Gase," Ann. d. 
Physik 40 (1837): p. 599. 

187 Jbid., pp. 589-599. 

188 Thid., p. 591: Allein, ‘‘wie schon oben erwähnt, genügt es für 
die Aufstellung jener Theorie nicht, Kohlensáure im venósen 
Blute nachgewiesen zu haben, da diese, an Natron gebunden, in 
demselben enthalten seyn kann. Auch folgt aus den Gesetzen 
der Absorption, dass wenn das venóse Blut seine Kohlensáure 
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both gases (oxygen and carbon dioxide) should have 
been found in the veins and arteries of the body. 

Magnus provided a system which answered most of 
the problems of "respiration proper." The respira- 
tory quotient was set equal to unity,!*? the capillaries 
were the site of respiration, and an explanation of 
changes in blood color was suggested. Venous 
blood was darkened by a small portion of carbon 
dioxide held in the form of bicarbonate salts; a loss 
or release of this small amount of bound gas in the 
lungs permitted the bright color of blood to show 
through in the arteries. He also claimed that his 
experiments revealed a higher concentration of carbon 
dioxide in the veins than in the arteries.??! 

In order to protect the unfettered operation of 
Dalton's gas laws, Magnus had to argue away any 
compromising circumstances. By emphasizing the 
capillatry site, the major blood vessels were free of 
any organic chemical transformations which might 
alter the physical behavior of the gases. Secondly 
the transfer of process to the capillaries allowed 
Magnus to avoid explaining how the carbon dioxide 
formed. He also had to defend his theory against 
the evidence of extensive chemical binding found by 
Mitscherlich e? al. in 1834. Magnus firmly stated 
that the salt content of blood was not great enough to 
hold the large amounts of carbon dioxide he was able 
to extract.?? There is no indication that he per- 
formed any quantitative experiments to determine the 
truth of his statement. Nor is there any evidence 
that he attempted to measure the possible role of lung 
tissue in altering Dalton’s laws. 

The similarities between the theories of W. Stevens 
and G. Magnus are striking. Both men believed that 
the respiratory quotient was equal to one, both 
attributed to salts the venous to arterial color change 
of blood, and both men chose the capillaries as the 
site of formation of carbon dioxide. Magnus began 
his experiments on the blood by repeating Stevens's 
experiments; there is little doubt that Magnus 
modified Stevens’s theory of respiration once it was 
justified by the presence of oxygen in the blood. 
Certain aspects of the theory were brought up to 


durch Absorption von Sauerstoff abgiebt, dass niemals alle 
Kohlensäure abgegeben werden kann. Es muss folglich auch 
das arterielle Blut Kohlensáure enthalten." 

189 Tbid., p. 601: “Die über das Verháltniss der ausgeathmeten 
Gasarten angestellten Versuche, so verschiedene Resultate sie 
auch geliefert, stimmen doch darin überein, dass die Quantitát 
des aufgenommenen Sauerstoffs nahe dieselbe ist, als die der 
ausgehauchten Kohlensäure.” 

19 Thid., p. 603: "Zwar ist mir sonst kein Beispiel bekannt, dass 
eine Flüssigkeit durch Absorption eines Gases ihre Farbe verán- 
dere; allein die Erscheinungen der Absorption gehen überhaupt 
in die der chemischen Verbindungen über, wie schon oben 
erwähnt, das Bicarbonat von Natron einen Theil seiner Kohlen- 
sáure abgiebt, bloss dadurch, dass es in eine Atmospháre von 
Wasserstoffgas versetzt wird." 

191 bid., p. 602. 

192 Thid., p. 590. 
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date, such as the formation of coloring salts in venous 
blood from a small portion of the carbon dioxide gas it 
contains. Magnus replaced Stevens’s idea of an 
attractive power of oxygen with the physical laws of 
gaseous absorption thereby providing a biophysical 
mechanism of respiration. He did so with full aware- 
ness of the alternatives. His knowledge of chemical 
studies on blood was alluded to earlier. He was also 
familiar with Graham’s research, as they were personal 
acquaintances,!* and Graham was a popular, highly 
regarded scientist within German circles.!?4 

The essence of Magnus's 1837 paper was: (a) that 
oxygen, nitrogen, and carbonic acid were found in 
both venous and arterial blood, and (5) that there is 
more carbonic acid in the veins that in the arteries 
and more oxygen in the arteries than in the veins. 
On the basis of these findings Magnus concluded that 
(1) oxygen enters and carbon dioxide leaves the blood 
according to the laws of absorption, and (2) the com- 
bustion of the oxygen occurs in the body capillaries. 
Deviation from the one-to-one exchange of the respira- 
tory gases he thought might be due to the formation 
of some water or inability to perform accurate mea- 
surements.?5 But the validation of Magnus's theory 
required the performance of quantitatively accurate 
experiments which would show that the exchange of 
gases followed the absorption laws. Magnus was well 
aware of the fact that his experiments did not provide 
this kind of evidence.!?5 

However, Magnus did believe he had shown that 
more carbon dioxide than oxygen was found in the 
veins and that more oxygen than carbon dioxide 
appears in the arteries." This was wishful thinking 
on his part. If one reduces the numerical results of 
his work to a standard volume for reference, some 
facts come to the fore which render his conclusions 
hypothetical rather than factual (see table in appen- 
dix). Altogether there were eight possible com- 
parative determinations of the content of venous and 
arterial blood from the same animal. In five of these 
eight cases the volumes of carbon dioxide found in the 
arteries was greater than that found in the veins; of 
the three remaining cases, only one showed the 
presence of more oxygen in the arteries than the 
volume of carbon dioxide in the veins. The basis of 
any exchange of gases according to these figures would 
hardly be one-to-one or in accordance with the ab- 
sorption laws. In the six of the eight cases, the 
nitrogen values for the arterial blood were higher than 


13 E, Hjelt, ed. Briefwechsel (1900), p. 120. 

1* John Theodore Merz, A History of European Thought in the 
Nineteenth Century (4 v., New York, Dover edition, 1965) 2: 
p. 161. 

195 G. Magnus, “Ueber die im Blute enthaltenen Gase," Ann. 
d. Physik 40 (1837): pp. 601-603. 

196 Thid., pp. 587—588, 592. 

197 Tbid., p. 600; F. Lieben, Geschichte der physiologischen Chemie 
(1935), p. 267. 


28 CULOTTA: THE LAVOISIER TRADITION 


the nitrogen values in the venous blood; this would 
seem to indicate that the nitrogen was undergoing a 
diminution in the passage of the blood through the 
capillaries. Magnus said nothing of the role of nitro- 
gen in respiration. There was also a great deal of 
variation in the total amount of gas extracted from an 
animal’s blood ; this became evident when he repeated 
the experiment several days later on blood drawn 
from the same animal. Only one aspect of his results 
show a constant correlation. The ratio of carbon 
dioxide over oxygen gas removed from venous blood 
was nearer to one than the ratio for gases removed 
from the arteries. These venous and arterial gas 
ratios were reexamined by Magnus in a subsequent 
publication. 

Magnus did not intend his results for such rigorous 
interpretation. His opponents, however, used the 
data on just such a basis. Magnus admitted that 
venous and arterial blood samples from a single 
animal were often taken on different days. Since 
this was the case, Magnus should have refrained from 
building a new theory upon the alleged accuracy of 
such data. Justus von Liebig reduced the data to a 
standard volume for comparison and arrived at the 
conclusion that arterial blood contains more carbon 
dioxide than did venous blood.?? Magnus’s most 
persistent critic, Joseph L. Gay-Lussac (1778-1850), 
pointed out several similar discrepancies between the 
data when reduced to a common standard and the 
conclusions Magnus drew. Gay-Lussac suggested 
that in the future physiologists establish standard 
readings of important data for all of the animals 
commonly used for laboratory experiments. These 
standards did not materialize for-a considerable period 
of time. Without substantive proof Magnus was un- 
able to convince the scientific community of the merits 
of his theory. However, quantitative evidence 
alone was not responsible for the decline of his ideas. 
Just as Magnus was proposing a free exchange of free 
(dissolved) gases, physiological chemists had dis- 
covered that gases are held in the blood by chemical 
forces. 


198 Justus von Liebig, Handwörterbuch der reinen und angewand- 
ten Chemie (Braunschweig, 1842) 1: p. 899: "Das Blut enhalt 
Gase, darunter Kohlensdure, Sauerstoff und Stickstoff, die durch 
die Luftpumpe ausgeschieden werden kónnen, oder welche einem 
Strome von Wasserstoffgas, was man durchleitet, folgen (Magnus). 
Das arterielle Blut enthált mehr durch die Luftpumpeausscheid- 
bare Kohlensäure, als das venóse, überhaupt ist es an Gasen 
reicher.” 

199 Gay-Lussac, ''Observations critiques sur la théorie des 
phénoménes chimiques de la respiration," Ann. de chimie 11 
(1844): pp. 9-10. 

200 Charles Maitland, Experimental Essay on the Physiology of 
the Blood (Edinburgh, 1838), p. 58; Carlo Matteucci, Lectures on 
the Physical Phenomena of Living Beings, tr. J. Pereira (Phila- 
delphia, 1848), p. 128; Sir M. Foster, Lectures on the History of 
Physiology (Cambridge, 1901), pp. 253-254. 
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THE BOUND STATE OF CARBON DIOXIDE 


The concept of a free exchange occurring between 
blood and atmosphere faced stiff opposition from 
physiological chemists who did not believe that carbon 
dioxide was simply dissolved in the blood. The very 
probable existence of bound carbon dioxide appeared 
contrary to the operation of any physical laws. E. 
Mitscherlich, F. Tiedemann, and L. Gmelin had 
stated in 1834, before Magnus published his paper, 
that the physical laws could not effect the release of 
carbon dioxide because this gas was chemically bound 
within the blood.” Magnus was careful to point 
out that there was not enough carbonate salts in 
blood to account for all of the carbon dioxide removed. 
This statement did not stand the test of experimental 
inquiry; Johannes Müller calculated that there was 
enough bicarbonate in the blood to account for the 
evolution of carbon dioxide in the amounts Magnus 
reported.?? 

A polemic developed over the question of bicar- 
bonate content of blood which drew attention away 
from Magnus for the moment. C. Enderlin (1844) 
had performed an ash analysis of blood which he 
claimed proved that there are no carbonate salts in 
the blood. Enderlin advocated the binding of carbon 
dioxide present in blood by phosphate salts.?? Actu- 
ally the phosphates do account for some of the bound 
carbon dioxide in blood, but the bulk of this gas 1s 
held in the alkaline serum by carbonates which form a 
bicarbonate equilibrium in the presence of an excess 
of carbon dioxide. In spite of the controversy among 
chemists, the most important physiologists of the 
period were interested in the carbonate binding theory. 
Carl Ludwig as well as J. Müller favored it.2* A great 
many studies were made by physiologists. In 1845 
Richard Marchand (1813-1850) reexamined the work 
of Mitscherlich et al., and came to the conclusion that 
their theory could account for the carbon dioxide 
released from the blood.?5 The famous physiological 
chemist, Hermann Hoffman (1819-1891), also sup- 


ported the bicarbonate theory?9 and stated that the 


201 M itscherlich e£ al., "Versuche über das Blut," Liebig's Ann. 
12 (1834): pp. 350-351: Goodfield, Growth of Scientific Physiology 
(1960), pp. 84f. 

22 Johannes Müller, Handbuch der Physiologie des Menschen 
(2 v., Coblenz, 1844) 1: pp. 250-251. 

23 C. Enderlin, ''Physiologisch-chemische Untersuchungen," 
Liebig’s Ann. 49 (1844): p. 329; see also L. Svanberg, Jahres-B. 
28 (1848): pp. 566-567; G. Owen Rees, “On a Function of the 
Red Corpuscles of the Blood, and on the Process of Arterializa- 
tion," Phil. Mag. 33 (1848): p. 34. 

204 Car] Ludwig, “Einige Bermerkungen zu Valentin's Lehren 
vom Athmen und vom Blutkreislauf," Z. f. rationelle Med. 3 
(1845): pp. 147—148. 

205 R, Marchand, "Ueber die Einwirkung des Sauerstoffes auf 
das Blut und seine Bestandtheile," Jour. f. prak. Chem. (Erd- 
mann), 35 (1845): p. 397. Hereafter Erdmann’s J. 

206 Hermann Hoffmann, Grundlinien der physiologischen und 
pathologischen Chemie. Für Aerzte und Studirende (Heidelberg, 
1845), p. 47. 


VOL. 62, PT. 3, 1972] 


physical laws could not account for all of the carbon 
dioxide found in blood.?' In addition Marchand?’ 
and others were reporting results which seemed to 
indicate that the oxygen was bound within blood by 
chemical means. 

Under this welter of criticism Magnus tried val- 
iantly to save his replacement theory of gaseous ex- 
change. In 1845 he attempted to prove that the 
ratio of carbon dioxide to oxygen in the veins differed 
from this ratio in the arteries in a quantitative manner. 
He sought to prove that the differences between this 
ratio in the arteries and in the veins was equal to his 
assumption of a one-to-one exchange of the respira- 
tory gases.?? He saturated blood samples with atmo- 
spheric air by shaking them with the gas in a closed 
tube. Then he added a second tube filled with carbon 
dioxide and displaced the oxygen and nitrogen in the 
blood sample by shaking the two tubes. His results 
were disappointing; they did not substantiate his 
hypothesis. The blood held four to five times more 
oxygen than a comparable volume of water, and this 
oxygen could not be completely extracted by shaking 
with carbon dioxide. He was forced to conclude as 
follows: 


Berechnet man jedoch mit dem gefundenen Absorp- 
tionscoéfficienten die Menge von Sauerstoff, welche von 
dem Blute unter dem Drucke, unter dem es ihm in den 
Lungen dargeboten wird, absorbirt seyn könnte, so 
würde dieselbe nicht genügen, um die Annahme zuzulassen, 
das alles eingeathmete Sauerstoffgas absorbirt in dem 
Blute enthalten sey.?!! 


The best that Magnus could do was to say that the 
respiratory process did not follow Dalton’s law 
exactly? In view of the mounting evidence against 
a purely physical exchange, this was tantamount to an 
admission of defeat. The theory of a purely physical 
exchange of blood gases according to the absorption 
laws was substantively weakened. A chemical ap- 
proach to respiratory theories was rapidly gaining 
ascendency over the strict application of physical 
laws of science. In 1846 R. Marchand performed 
another series of experiments which confirmed the 
bicarbonate binding theory for the carbon dioxide.” 
It was not, however, the controversy over the bound 
or unbound state of carbon dioxide which finally 
brought about the defeat of Magnus’s theory. 
Dalton's laws of absorption could not explain the 
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unusually large amounts of oxygen absorbed by the 
blood. The controversy had started with the issue 
of carbon dioxide and closed with the inexplicable fact 
that blood held more oxygen in solution than water. 
The oxygen question formed the second major topic 
of conflict between the free exchange theorists and the 
physiological chemists. 


THE BOUND STATE OF OXYGEN 


The rise of physiological chemistry shifted research 
from the causes of gaseous exchange to a study of the 
ultimate fate of inspired oxygen within the organic 
processes of the body. R. Hermann wrote in 1834: 


Die Thiere leben nicht, um zu athmen und bei dem 
Athmungsprocesse gleiche Producte zu exhaliren. Der 
Athmungsprocess ist dazu da, um das Leben der Thiere 
erhalten zu helfen; er dient dazu, die durch den Ver- 
dauungsprocess in den thierischen Kórper aufgenommenen 
Stoffe in Blut und in die zur Erhaltung des Organismus 
nóthigen Secretionen umbilden zu helfen.?4 


Attempts at establishing a mechanical theory were 
well suited to the exchange of oxygen and carbon 
dioxide, but it did not allow for an explanation of the 
role of oxygen in body chemistry. The site of most 
of the chemical changes to the bodily substances was 
still, for all practical purposes of analysis, the blood. 
So necessary an element of life as oxygen was naturally 
thought to perform some function other than the 
direct formation or replacement of carbon dioxide in 
the capillaries. The argument that the oxygen was 
changed into the carbon dioxide in the capillaries was 
a reason for, not an explanation of, its appearance in 
the blood. Although the concept of a metabolic usage 
of inspired oxygen and a physical mechanism of its 
entry into the body are not, by their nature, incom- 
patible, they were taken to be irreconcilable areas of 
knowledge. An ‘‘all or none" principle governed the 
acceptance or rejection of the facts of each of these 
areas of study.?!5 

The principal spokesman for the theories of oxygen 
consumption within the body was Justus von Liebig 
(1803-1863). A prolific writer and skilled polemicist, 
Liebig radically altered physiological thought by 
mid-century. His simplified techniques of analysis 
gave a tremendous boost to the biochemical approach. 
His theories were no less important but different in 
effect. If scientists were not quoting Liebig, they 
were violently disagreeing with him. Still in his 


24 R, Hermann, “Chemische-physiologische Beiträge,” Ann. 
d. Physik 32 (1834): p. 296; Goodfield, Growth of Scientific 
Physiology (1960), p. 131. 

215 The evidence for this "all or none" hypothesis is overwhelm- 
ing although negative. Those who proposed a Daltonian mecha- 
nism for the blood show no signs of recognizing the pulmonary 
diffusionists who applied Graham's law and vice versa. Blood 
chemists paid no attention to the mechanists who in turn gave 
only token recognition to chemical theories. J. V. Liebig and 
later K. Vierordt were among the few exceptions. Liebig did so 
only after several years of purely chemical investigations. 
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vitalist period, Liebig felt more intensely than most 
the unique significance of oxygen as an essential 
element for life.?$6 To Liebig this meant that oxygen 
was required for the completion of every organic 
chemical process?" Hence Liebig was much more 
interested in the chemical fate of oxygen in the body 
than in the modes of its exchange. 

Liebig proposed three major chemical combinations 
involving inspired oxygen: (1) the formation of fibrin 
compounds, (2) the formation of oxyproteins, and 
(3) combination with the constituents of the blood. 
The identification of a substance in blood known as 
fibrin dates from the late eighteenth century. Theo- 
ries on the formation of fibrin were used in earlier 
years to support arguments for a blood site of respira- 
tory combustion. Liebig argued: 


Der Sauerstoffgehalt des Blutes erscheint hóchst proble- 
matisch, wenn man erwágt, dass das Fibrin die Faehigkeit 
besitzt, Sauerstoff aufzunehmen und diesen Sauerstoff in 
Kohlensäure zu verwandeln, und der Blutfarbstoff aus- 
gezeichnet ist durch die Leichtigkeit, mit der er den 
atmosphárichsen Sauerstoff aufnimmt. Wenn das venóse 
Blut Sauerstoff in freiem, unverbundenem Zustande 
enhált, so begreift man nicht, wie durch Hinzuführung 
von mehr Sauerstoff seine Farbe sich ändern, wie dieser 
in Verbindung treten kann, wáhrend der darin vorhandene, 
kleine Verbindung mit seinen Bestandtheilen einzugehen 
scheint.?7!? 


The concept that the inspired oxygen formed a 
tight bond with the fibrin of the blood was also held 
by other prominent physiologists and physiological 
chemists.?? Johannes Müller also considered the 
fibrin binding theory a serious objection to the exis- 
tence of free oxygen in the blood.?? Although popular, 
the theory lived but a short time; it did not survive 
the experimental investigations of R. Marchand. 

In 1845 Marchand performed a series of tests 
wherein the fibrin was brought into contact with 
oxygen; no combination occurred until the process of 
putrefaction had set in after the passage of a consider- 
able period of time.?! Since Magnus found free 
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oxygen in venous as well as the arterial blood, it was 
clear, Marchand stated, that the affinity of fibrin for 
oxygen was not as great as Liebig's speculations sug- 
gested. The fibrin should have consumed all of the 
oxygen in the arterial system in the affinity between 
the two substances was so great.?” 

Liebig lost little time in correlating the formation 
of proteins with the uptake of oxygen. The protein- 
binding theory was originally the concept of Gerardus 
Mulder (1802-1880), a renowned Dutch chemist. 
As in the case of the fibrin theory, the protein binding 
theory required that the oxygen be constantly in- 
volved in the bodily processes.”2 The basis for the 
oxyprotein theory was Mulder’s discovery that body 
proteins contained identical proportions of carbon, 
hydrogen, and oxygen; they differed only in the small 
amounts of sulphur and phosphorus which they con- 
tained. This led him to believe that there was some 
basic molecule which underwent small modifications 
in order to form the various organic substances of the 
animal economy.?* Professor Holmes has clearly 
shown that Mulder was seeking an even broader 
generalization, the fundamental unity of plant and 
animal molecular structure.??5 

The generality of Mulder’s theory of protein for- 
mation brought about a tremendous surge of interest 
in physiological chemistry. Liebig’s Animal Chemis- 
iry (1842) was inspired by Mulder's generalizations. 
Liebig attempted to reach the same breadth of mean- 
ing (equally false) through his speculative but ex- 
tremely fruitful system of equations describing 
metabolism in the animal kingdom. The equations 
drew upon Liebig’s technique of measuring the 
chemical input and output of the animal body— 
including respired air as well as the nutrient and waste 
of the body.”6 This approach was not entirely 
unique; the method was employed by earlier physio- 
logical chemists. In Liebig’s system the complexity 
and subtlety of the arguments had increased in order 
to keep pace with the increased knowledge of organic 
substances. Oxyproteins were formed when oxygen 
combined with the basic proteins present in the blood 
stream. This was necessary for the animalization of 
the nutrients, the alteration of plant proteins into ani- 
mal proteins. The oxyprotein theory had a large fol- 
lowing among Liebig’s contemporary physiological 
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chemists.22”7. Therefore inspired oxygen was essential for 
the formation of living substances—a link in the chain 
of complex changes comprising animal physiology. 

The overall effect of this attitude toward physio- 
logical changes within the animal organism was the 
demise of mechanical explanations of gas transfer 
within the blood. A theory predicated on the exis- 
tence of free gases in the blood could not survive were 
these gases chemically reactive within the blood.?$ 
While Liebig and others conceded small amounts of 
free oxygen were present in blood, they correctly 
believed that the greater portion of inspired oxygen 
was in the bound state.?? Liebig did not limit his 
discussion of oxygen reactions to the proteins. He 
also believed that a portion of the oxygen combined 
with the blood. "The nutrient proteins, however, con- 
sumed most of the oxygen.? Franz Simon (1807- 
1843) and other physiological chemists favored the 
idea of oxygen combining with the blood.?! 

Fortunately, Liebig was correct in his speculations 
about the physiological activity of the red corpuscle. 
Many natural philosophers had found that blood 
could absorb more oxygen than water. This fact 
did not become a major theoretical problem until 
1838 when Berzelius reported that whole blood held 
considerably more oxygen in solution than did serum 
alone.*? Therefore the red corpuscle, or globule as 
it was called, was a logical choice for the binding agent 
for oxygen. This was especially true after Mar- 
chand's experiments with fibrin. At first Liebig 
attributed the binding power of globules to the iron 
they contained.” He reasoned in the following 
manner: 
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It is evident that the change of color in the venous 
globules depends on the combination of some one of their 
elements with oxygen; and that this absorption of oxygen 
is attended with the separation of a certain quantity of 
carbonic acid gas. 


This carbonic acid is not separated from the serum ; for 
the serum does not possess the property, when in contact 
with oxygen, of giving off carbonic acid. On the contrary, 
when separated from the globules, it absorbs from half its 
volume to an equal volume of carbonic acid, and, at 
ordinary temperatures, it is not saturated with that 
gas. ... 


Liebig found that the globules reacted differently 
when combined with various gases. When the 
globules were treated with hydrogen sulfide the blood 
was permanently darkened in color. Because the 
globules lost their power to regain their red color 
with hydrogen sulfide, Liebig concluded that the com- 
bination was a destructive one. When the globules 
were treated with nitrous oxide or carbon dioxide, 
the blood returned to its arterial color following ex- 
posure to a stream of oxygen. Liebig concluded, 
therefore, that the bond between the carbon dioxide 
and the globule was a weak chemical bond and that 
this bond was not a destructive combination but a 
natural process. 

Liebig stressed nutrition and respiration as the 
animal functions of vital importance. The globules 
of the blood did not serve any nutritional function. 
Yet they contain iron, and no other part of the body 
contains iron. Therefore he reasoned the iron bearing 
globules must be necessary for animal life. Hence 
they must play a role in the process of respiration.?5 
Teleological arguments are not without value in the 
early stages of any science. Liebig proposed a 
mechanism for the combination of oxygen with the 
globules. The iron, when brought into contact with 
the gases, passed to a higher oxidation state and thus 
formed a chemical bond.?$ Mulder soon countered 
Liebig by showing that the oxygen could not be bound 
up by the iron itself. The iron molecule present in 
the globule was intimately bound up within the struc- 
ture of the globule and thus was not free to combine 
directly in the formation of an oxide.” Nevertheless, 
what remained intact was the long- but not well- 
known fact that globules combine with oxygen.??8 
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When the speculative aspects of his general con- 
ceptions became more apparent, Liebig retreated by 
placing the blame for these incorrect ideas on other 
unnamed scientists.” In the period of the eighteen 
forties Liebig generated many ideas which were 
erroneous or at best only partially correct. However, 
the pursuit of these ideas by other scientists proved 
to be of inestimable value for the betterment of physi- 
ological and chemical knowledge. Despite the errors 
in the specific answers Liebig proposed, his general 
views prevailed in physiological chemistry for a con- 
siderable number of years. No amount of speculation 
could alter the fact that oxygen gas was inhaled and 
absorbed by blood and possibly various organs of the 
body only to be liberated again in the form of carbon 
dioxide. As Theodore Bischoff stated in his review 
of the state of physiology for the year 1844, the pe- 
culiar behavior of the gases in the blood was most 
adequately explained by a theory encompassing some 
form of chemical combination with. blood.” 

It was thought that both carbon dioxide and oxygen 
formed a weak chemical bond within the body. The 
evidence which pointed to the correctness of the bicar- 
bonate binding theory for carbon dioxide was rapidly 
accumulating. Similarly, although of a much more 
general nature, evidence was also appearing which 
accented the role of the globule in the binding of 
oxygen. In 1846 J. Dumas discovered that the glob- 
ules maintained their ability to change to a bright 
red color when exposed to oxygen even when separated 
from the serum. The globules of the blood, mechani- 
cally separated from the serum and placed in a solu- 
tion of sodium sulphate, changed color on exposure to 
oxygen. Since the oxygen exposed to the blood glob- 
ules diminished in volume during the color change, 
there seemed little doubt that the globules were the 
agents responsible for the consumption of the oxygen 
in the body.”” 

In 1851 J. v. Liebig summarized the general state 
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of knowledge concerning the relationship of the oxygen 
and the globules of the blood: 


Der Grad der Anziehung, mit welcher der Sauerstoff 
in der Verbindung, die es im Blute eingeht, zurückgehalten 
wird, est sehr gering, aber diess ist kein Grund zu glauben, 
derselbe sey nicht chemisch damit verbunden.”* 


He now attributed the absorptive powers of the blood 
to two causes: the pressure of the atmosphere and the 
chemical affinity of the parts of the blood for the gases 
absorbed. Pressure, however, played only a minor 
role in the phenomenon of gaseous absorption by the 
blood.?4 

The absorption and release of blood gases were the 
apparent result of chemical affinities of blood for 
oxygen and carbon dioxide. The operation of physi- 
cal laws on this activity, if considered at all, were 
thought to be of little consequence. Magnus's efforts 
to formulate a rational mechanism for the respiratory 
activity of the blood were not accepted. The over- 
whelming account of data which pointed to the bound 
state of the blood gases would not support a physi- 
ological theory based upon physical laws alone. The 
possibility that the physical and chemical laws could 
mutually operate in the process of respiration was not 
accepted by the majority of scientists. 

This "all or nothing" attitude towards theories of 
respiration. probably stems from the self-conscious 
attitude of the emerging science of physiological 
chemistry which claimed to be the sole determinant 
of the vital processes. The chemical view of life was 
a scientific attitude, a mode of explanation, which 
justified its research activities on the premise that it 
could explain the activities of living matter.4^5 A man 
working under such a hypothesis would not give up 
this goal for the sake of compromising himself with a 
purely physical explanation that was devoid of quan- 
titative evidence to support it. Research on the 
bound state of the blood gases was quite effective in 
turning opinion away from the physical free exchange 
theories; yet, nothing really seemed available which 
could replace the basic simplicity of these mechanical 
theories of respiration. 


PULMONARY EXCHANGE BY DIFFUSION 


Scientists who studied the composition of expired 
air did not suffer from the lack of quantitative data 
which had troubled experiments on the blood. The 
collection and analysis of air inspired and expired 
(pulmonary exchange) by animals and man were con- 
siderably easier than extraction of blood gases. Such 
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methods were successfully applied by Gabriel Valentin 
(1810-1883) and Karl Vierordt (1818-1884) in mea- 
suring the carbon dioxide content of exhaled air. 
Valentin’s ideas first appeared (1843) in a joint paper 
published by himself and C. Brunner, an assistant, 
and appeared in slightly condensed form in Valentin’s 
Lehrbuch der Physiologie (1844).248 Valentin was an 
excellent embryologist and neurophysiologist. His 
extremely controversial textbook of human physiology 
was widely read, for he was a militant advocate of the 
strict application of the laws of physics and mathe- 
matics to the life sciences." Valentin took free rein 
in formulating physiological theories because he be- 
lieved that the processes of human life, including 
respiration, would never be exactly known. The 
study of human physiology required techniques of in- 
direct experimentation—especially true of respiration 
—which precluded accurate knowledge.45$ Com- 
forted by the degree of freedom this belief allowed, he 
chose to espouse the hypothesis that all physiological 
functions were simply the effects of physico-chemical 
laws acting within an anatomical framework.?9 His 
theory of pulmonary exchange became the epitome of 
this concept. Valentin and Brunner tried to establish 
the law of diffusion as the physical law operating on 
the gaseous exchange in the lung. We have seen how 
T. Graham suggested such an application of the dif- 
fusion law in 1832 and predicted that the respiratory 
quotient should be less than one. Recall that 
Lavoisier had found a greater absorption of oxygen 
than carbon dioxide produced ; the influential English 
chemists, however, wrote in support of an equal ex- 
change. As a result of the published experiments of 
W. Allen and W. Pepys, the English view became 
commonplace. No further scientific investigation of 
the question occurred until the eighteen thirties, and 
even then principally by men primarily concerned 
with Lavoisier's theory of animal heat. Now, for the 
first time, the relationship of inspired oxygen to 
expired carbon dioxide was being quantitatively mea- 
sured as a phenomena unto itself. 

Brunner and Valentin compared the chemical com- 
position of their own expirations with that of the 
known composition of atmospheric air. They were 
able to show that under normal conditions man in- 
spired more oxygen than that which again appeared 
in the form of carbon dioxide.?9 
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TABLE 2 
ANALYSIS OF EXPIRED AIR IN VOLUME PER CENT 


CO» O» Na 
Brunner and Valentin 4.380 16.033 79.587 
Modern 4.4 16.3 79.07 


Since the respiratory quotient was less than one 
(0.83), the authors searched for an explanation of this 
fact.: The early suggestions by Thomas Graham pro- 
vided them with the explanation they desired.?5 
They compared their data with amounts computed 
according to Graham's law of diffusion and found a 
difference of less than one per cent.? 

Although their discovery represented only a half- 
truth at best, the power of quantitative numbers was 
all too great. They were willing to admit that the 
absorptive powers of the blood?* or diet?** could cause 
deviations from the computed values. However, 
these possible variations were never mentioned in 
connection with their major conclusion but were 
buried in the text of their verbose publications. In- 
stead one sees only a close compliance with Graham's 
Law. Within a year after their announcement of 
pulmonary diffusion a very important physiologist 
did his best to destroy the very basis of this theory of 
pulmonary exchange; Carl Ludwig (1816-1895) was 
very successful. 


OBJECTIONS TO THE DIFFUSION THEORY 


The role of lung tissue in the respiratory process 
was largely overlooked until Valentin and Brunner 
formulated a theory of gaseous exchange on the sole 
basis of the physical law of diffusion. Like other 
more famous exponents of the German biophysical 
school, G. Valentin rigorously sought to explain living 
processes according to physico-chemical laws. His 
militant pursuit of this goal brought the problem of 
lung function to the forefront of respiratory research. 

The difficulties inherent in comprehending our 
double exchange were prophetically foreseen by John 
Dalton in 1806. Dalton believed in the lung site of 
respiratory combustion, and he pointed out the diffi- 
culties one faced in the acceptance of the then current 
Hassenfratz-Lagrange hypothesis which placed com- 


bustion in the blood: 
How does it [gas] enter? By mechanical or chemical 
means? Not by mechanical; for then azote would enter 
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four times more copiously, owing to its greater density. 
It must enter by chemical means—How does the blood 
attract oxygen through the membrane of sensible thickness 
which separates them? 

.. . Passing by all those difficulties, how is the car- 
bonic acid to escape through the membranes of the lungs 
into the air cells? Not by chemical means, for there is no 
agent to attract it; mechanical means must be used; simple 
pores will not effect the business, because air might enter 
as well as escape; there must then be air pores with valves 
opening outwards so as to permit the escape, but bar the 
entrance of any gas. These pores, I am afraid, would be 
so constantly filled with liquid, that it would obstruct, if 
not altogether destroy, their proper function.?9? 


Carl Ludwig came to a very similar conclusion in 
1845. The acceptance of Valentin’s respiratory 
theory hinged upon the conditions for diffusion in the 
lung itself; Ludwig proved that the conditions in the 
lung were not analogous to those of Graham’s 
experiments.?56 

Ludwig enumerated the wide disparity between the 
techniques of Valentin and Graham. In the first 
place carbon dioxide reaching the lung comes from the 
blood which is slightly alkaline. Carbon dioxide is 
normally acidic in solution indicating that it is bound 
up in bicarbonates. At any rate, Ludwig wrote, the 
blood gases are in solution; Graham's experiments 
were performed with free gases. (Ludwig's under- 
standing of the physical laws were enhanced shortly 
after this paper appeared through a long association 
with Robert Bunsen.) Secondly, Ludwig wrote, 
Graham assumed that each gas (in a two-gas system) 
was under the same initial conditions; yet blood pres- 
sure is greater than atmospheric pressure. Similarly 
Graham used gases in equal volumes. Ludwig as- 
sumed that the carbon dioxide concentration in the 
lung was greater than oxygen which has a lower solu- 
bility coefficient. Ludwig was building up to the 
obvious fact that acceptance of Valentin's diffusion 
theory ruled out the Henry-Dalton absorption laws 
which must play a part as blood is a liquid and the 
pulmonary membranes are moist. Last but not least 
Ludwig reminded his readers that the lung is not a 
stucco plug. Until the physiological properties of 
lung tissue were fully understood, Ludwig did not 
believe a theory of respiration could be formulated.?>” 

Ludwig continued to publish criticisms of the respi- 
ratory mechanists (Valentin and Vierordt) in the 
years which followed— particularly with regard to 
their quantitative estimates of biological facts such as 
red-cell count and lung capacity. His comments 
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were widely read and repeated by other physiolo- 
gists,259 and they completely discredited the diffusion 
theory of gaseous transfer in the lungs. So little was 
known of the physiological properties of the lung that 
Ludwig was completely justified in his critical stance 
against the idea that diffusion was solely responsible 
for pulmonary exchange. For the time being, lung 
function remained an unanswered question, an ob- 
stacle which no theory could bridge. 

Ludwig did not attack G. Valentin and K. Vierordt 
because of their mechanistic views; he believed 
strongly in the ability of science to explain living pro- 
cesses according to the chemical and physical laws of 
the inert world. In Ludwig’s case the only difference 
was that he would not accept anything less than a 
complete and rigorous explanation of the facts. He 
abhorred the extremes in which both the vitalists and 
the mechanists indulged. Ludwig may have been 
particularly irked by Valentin’s approach because of 
his reliance upon vast charts of numerical data. 
Ludwig is known to have objected to the application 
of arithmetic arguments in biology when made under 
the pretense that they in themselves could reveal the 
truth.?6 It is more probable that Ludwig’s caution 
regarding diffusion as the exchange mechanism re- 
sulted from his own attempts to explain the elimina- 
tion of urine by the kidney. His strictly mechanical 
explanation of the formation of urine underwent 
several changes necessitated by the inability of dif- 
fusion (endosmose) to account for the phenomenon.” 

Valentin never actually answered Ludwig's criti- 
cisms. "There were, however, definite changes in the 
second and third editions of Valentin’s Lehrbuch. In 
the second edition of the text (1847), as a means of 
supporting his contention that physical forces effect 
respiration, greater attention is given to the effects of 
pressure on the animal economy.?® Most of these 
examples are chosen from reports of difficult breathing 
at high altitudes. New determinations of the propor- 
tion of carbon dioxide formed to oxygen inhaled were 


2 (1852): pp. 22-25; A. Kolliker, Manual of Human Histology, 
tr. G. Busk and T. Huxley (2 v., London, 1854) 2: p. 327. 

259 [J.] Schlossberger, "Die Lehre von der Beziehung des 
Athmens... ," Roser’s Arch. 5 (1846): 278-279; J. Reid, 
“Respiration,” The Cyclopaedia of Anatomy and Physiology, ed. 
Rbt. Todd (London, 1847-1849) 4: p. 363; P. Du Bois-Reymond, 
"Zweiter Beitrag zur Kritik der Blutanalyse," Z. f. rationelle Med. 
n.f., 5 (1854): p. 103; F. C. Donders, “Ueber den Gasaustausch 
beim Athmungsprocesse und insbesondere (über  Valentin's 
Anwendung des Diffusionsgesetzes," Holländische Beiträge zu den 
anat. u. physiol. Wissenschaft 1 (1848): pp. 269-310; P. Lówen- 
berg, "Bericht über die neuesten experimentellen Leistungen in 
Bezug auf den chemischen Process des Athmens," Beitrdge zur 
exp. Path. u. Physiol. 1 (1846): pp. 201-211. 

:6 T. Burdon-Sanderson, ‘‘Carl Ludwig," reprinted in The 
Golden Age of Science, ed. Bessie Z. Jones (New York, ca. 1965), 
p. 411; E. Neil, "Carl Ludwig and his Pupils," Circulation Re- 
search 9 (1961): p. 973. 

261 Arthur Cushny, The Secretion of Urine (London, 1917), p. 43. 

262 G. Valentin, Lehrbuch (2nd ed., 1847) 1: pp. 80f. 
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even closer to the preditions of Graham’s law,?® and 
a section explaining the laws of diffusion was greatly 
enlarged.?® Valentin was also very careful to mention 
the Dalton-Henry gas laws; a presentation of the ab- 
sorption laws did not occur in the first edition. 

In the meantime, one of Valentin’s students 
gathered some experimental data which disagreed 
with the predictions of the diffusion law. Carl von 
Erlach (1846) studied the gaseous exchange of animals 
placed in completely closed containers with a fresh 
circulating supply of air. His purpose was to deter- 
mine the amount of carbon dioxide released through 
the skin in the form of perspiration. Erlach found 
that perspiration did not significantly alter the total 
output of carbon dioxide, but he did find that when 
CO»-rich air was inhaled the exchange of respiratory 
gases showed a great deviation from the predictions 
of the diffusion law.?5 In the 1853 third edition of 
the Lehrbuch one finds a considerable change in the 
attitude of Valentin. He is no longer so insistent 
upon the role of Graham's diffusion law in the mecha- 
nism of respiration: 


In the earlier researches of Brunner and myself on 
respiration, we had remarked, that the relative quantities 
of oxygen and carbonic acid furnished by ordinary respi- 
ration approximate—within certain limits attributable to 
errors of experiment—those which would be required by 
the law of diffusion; although this proportion is partially 
interfered with by other conditions—such us [sic] the 
solution of the gases in the blood, and the inequality of 
pressure in the organs of respiration. The law of diffusion, 
which demands the interchange of gases in proportions 
inversely as the square roots of their respective densities, 
would require 1 to 1.176 by volume, and 1 to .85 by weight. 
Five subsequent analyses of my breath, in which all un- 
usual pressure and irregularity of respiratory movement 
had been as much as possible avoided—gave from 1 to 
1.112-1.190: on an average 1 to 1.153. Thirteen analyses 
of the breath of myself and eight other persons, gave from 
1 to 1.141—1.240: on an average 1 to 1.187. 

This correspondence with the diffusive quantities rests 
upon the mere comparison of the numbers found, and not, 
as has been frequently stated, upon any theory. Nor do 
the proportions above mentioned justify the conclusion, 
that a constant mutual relation of oxygen and carbonic 
acid can be deduced from my experiments. They rather 
indicate that sensible differences may be produced by too 
short a sojourn of the air in the lungs; and by increased 
pressure.?66 


In effect Valentin admitted that his theory was 
untenable. 


263 Tbid., pp. 569—574. 

264 Thid., pp. 56f. 

265 Carl von Erlach, Versuche tiber die Perspiration einiger mit 
lungen athmender Wirebelthiere (Bern, 1846), pp. 21-22, 91; T. 
Bischoff, ‘‘Bericht über die Fortschritte der Physiologie im Jahre 
1846,” Miiller’s Arch. 1847: p. 101; F. Donders, ‘‘Ueben den 
Gasaustausch beim Athmungsprozesse. .. ," Holländische 
Beitrüge zu den anat. u. physiol. Wissenschaft 1 (1848): pp. 299— 
301. 
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VIERORDT’S RESPIRATORY THEORY 


Karl Vierordt (1818-1884) published his observa- 
tions on respiration in the same years that Valentin’s 
work appeared.” Vierordt, a student of J. Müller, 
was educated at Heidelberg, Góttingen, and Berlin. 
He pioneered in the development of methods for mea- 
suring the pulse and the numbers of red blood cor- 
puscles.?9 The basis for these accomplishments can 
be found in his initial studies on respiration. 

Like Valentin, Vierordt sought to interpret all 
biological phenomena by the application of physical 
laws? and to free biology of the taint of vitalism.?” 
Unlike Valentin, Vierordt was much more cautious a 
scientist who was not as prone to jump to conclu- 
sions. His understanding of the complexities of 
respiratory physiology was substantially more pro- 
found than that of Valentin. Vierordt’s work on 
respiration represented the culmination of three years 
of self-experimentation. He determined the exact 
amounts of carbon dioxide released in human respira- 
tion and evaluated several of the various conditions 
which could alter this exchange of gases. His com- 
mitment to the importance of determining this output 
of carbon dioxide stemmed from a Claude Bernard- 
like concept of an equilibrium between man and his 
environment. Respiration, for Vierordt, was the 
intermediary between man and the outer world.?" 
He believed that once the amount of carbon dioxide 
expired by man was determined with mathematical 
accuracy, the basis would have been laid for the de- 
velopment of a physics of respiration.?” Vierordt 
grasped the full meaning of the double exchange oc- 
curring in respiration and alluded to the third ex- 
change point, the tissues."7? Altogether Vierordt per- 
formed over five hundred and eighty analyses of the 


266 (5, Valentin, A Text Book of Physiology (tr. and abridged by 
William Brinton from the 3rd German ed., London, 1853), pp. 
249-250. I was not able to locate a German third edition. 

267 “Respiration,” Rudolf Wagner, Handwörterbuch der Physio- 
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Häufigkeit der Athembewegungen," Roser’s Arch. 3 (1844): pp. 
536-538; Physiologie des Athmens mit besonderer Rüschicht auf 
die Ausscheidung der Kohlensäure (Karlsruhe, 1845); “In Sachen 
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suchungen," Roser's Arch. 5 (1846): pp. 479-517. 
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768-769. 

269 Karl Vierordt, Physiologie des Athmens (1845), p. v. 

270 K. Vierordt, "Respiration," Wagner’s Handwörterbuch 
(1844) 2: p. 828. 

271 K. Vierordt, Physiologie des Athmens (1845), p. iii. 
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air he expired; almost two-thirds of these analyses 
were directly concerned with the measurement of the 
absolute amount of carbon dioxide given off by man. 

The method he employed was quite simple (fig. 2). 
He determined quite early in his experiments that 
more carbon dioxide was expired when the nose was 
open than when it was held closed by a clamp. Asa 
result he developed a face mask which allowed him to 
exhale freely through both nose and mouth. He 
collected the expired air in a balloon-shaped glass con- 
tainer immersed in a cylinder 5. "This comprised 
what he referred to as his Expirator. The expirator 
was filled with a solution of sodium chloride (9,200 cc.) 
and fitted with a valve c. As the gas entered the 
apparatus the solution was displaced and flowed out 
through b. The expirator was filled with air by 15 to 
22 inhalations, depending on the depth of the expira- 
tion. At the average rate of twelve expirations per 
minute, the duration of each test was about one and 
one-half minutes in length. Analysis of the gases 
collected was by eudiometric means. 

K. Vierordt was, of course, completely against the 
idea that there was an equal exchange between in- 
spired oxygen and expired carbon dioxide." The 
forty-odd pages of tabular data he compiled on the 
relative proportions of carbon dioxide in the exhaled 
air pointed quite clearly to the contrary opinion. It 
is very difficult to evaluate the exactness of his data 
in these tables because all of his readings were taken 
at a pressure of about 330 Parislines. This is roughly 
equivalent to a pressure of 740 mm. of mercury and 
less than atmospheric pressure. Valentin correctly 
stated that Vierordt's results were higher than his own 


274 Ibid., p. 3; see also “Respiration,” Wagner's Handwörterbuch 
(1844) 2: p. 851. 
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because they were taken above sea level.75 On the 
average Vierordt's results for normal atmospheric 
pressure showed on absolute content of 4.33 ml. of 
CO, in the expired air. Valentin had obtained better 
results with a determination of 4.38 (the normal 
volume percentage of CO; in the expired air is 4.4). 
Vierordt proved once and for all that there is no neces- 
sarily fixed ratio of exchange between the inhaled 
oxygen and the exhaled carbon dioxide.” This is 
true, but the actual variations in a healthy individual 
under normal conditions are very slight. In particu- 
lar, he examined the increased output of carbon 
dioxide during digestion and exercise. 

Even daily, weekly, monthly, and seasonal varia- 
tions in the exhalation of carbon dioxide came under 
the scrutiny of Vierordt. Earlier in the century 
W. Prout and W. Edwards spread the belief that 
seasonal variations in the carbon dioxide content of 
expired air were radically different. Vierordt’s tables 
of data indicate that these variations are actually 
minor and without any significance.77 In the pursuit 
of these data Vierordt was able to discover that the 
temperature of the ambient air and the environment 
of the subject do have an effect on the amount of 
carbon dioxide exhaled. The volume of the carbon 
dioxide exhaled and the number of respiratory move- 
ments declined with increases in the temperature of 
the inhaled air.7? While he could not establish any 
effects of changes in atmospheric pressure, he believed 
that one day the respiratory process would be found 
to be dependent upon the laws of pressure.?” 

Vierordt's most original contribution was an ex- 
amination of the relationship between pulse rate and 
respiration. His ideas were the basis of continued 
clinical study and were an integral part of later debates 
over the primary stimulus to the respiratory center. 
He realized that if the pulse rate (i.e., heart beat) was 
constant, approximately the same amount of carbon 
dioxide would be deposited in the lungs at all times. 
Whereas if the pulse rate were to increase, carbon 
dioxide would be deposited in the lungs at an increased 
rate.?9 From very simple observations on the effects 
of different rates of breathing, Vierordt constructed 
a theory of lasting beauty. By measuring the carbon 
dioxide content of air both at the beginning and at the 
end of a deep expiration, Vierordt rediscovered that 
the last portion of air released contained considerably 
more carbon dioxide than the initial air released.?*! 


275 G. Valentin, Lehrbuch (2nd ed., 1847) 2: p. 571. 

276 “Respiration,” Wagner's Handwörterbuch (1844) 1: p. 852. 
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280 “Respiration,” Wagner's Handwörterbuch (1844) 2: pp. 
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281 Karl Vierordt, Physiologie des Athmens (1845), p. 131; 
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Allen and Pepys noted this difference in 1808,2® but 
the fact was long since forgotten. Vierordt gave life 
to this simple fact by placing it within a theoretical 
framework. He began by measuring changes pro- 
duced by altering the frequency or the depth of 
respiratory movements. He found that while an 
increase in the frequency of respiration increased the 
amount of carbon dioxide released per individual expi- 
ration, the sum total of carbon dioxide exhaled and the 
total amount of air expired increased when compared 
to normal rates of breathing.?3 By holding his 
breath or exhaling deeply he found that the total 
volume of carbon dioxide exhaled was also increased.?94 

By correlating all of these observations Vierordt 
came to the correct conclusion that the duration of an 
expiration was proportional to the concentration of 
the carbon dioxide in the exhaled air.285 Vierordt set 
up a table of minimum and maximum expirations per 
minute and concluded that the differences in CO; 
content followed the pattern of an arithmetic progres- 
sion; that is, after allowances were made for correc- 
tions of the data which I have summarized in 
Table 3 :286 
He redetermined the base value for six respirations 
per minute (5.7) and found that the duration of an 
expiration was inversely proportional to the carbon- 
dioxide content of the expired air.287 Vierordt con- 
cluded that the expiration of carbon dioxide was some- 
how controlled by the variable concentration of the 
carbon dioxide remaining in the lungs.?35 

On the basis of the relationship of pulse rate to 
respiration and the expiration of carbon dioxide from 
the lung, he conceived of a hypothesis which coordi- 
nated the exchange of gases between the blood and 
the lungs. He believed that the primary factors 


"Ueber die Abhängigkeit des Kohlensáueregehaltes der ausgeath- 
meten Luft von der Háufigkeit der Athembewegungen," Roser's 
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TABLE 3 


VIERORDT'S CORRELATION OF BREATH FREQUENCY WITH VOLUME 
OF CARBON DIOXIDE EXHALED 


No. resp./min. CO:/100 pts. exp. air Difference 
6 5.28 1.6 
12 4,262 0.8 
24 8.855 0.4 
48 2.984 0.2 


96 2.662 


governing the total exchange of respiratory gases were 
the pressures of the respective gases and the concen- 
tration of carbon dioxide in the lungs.?8 Four 
secondary factors also governed the exchange of gases 
between man and his environment: (1) the amount of 
gas contained per unit of blood, i.e., per red blood cor- 
puscle; (2) the amount of blood thrown into the pul- 
monary circulation with each heart beat; (3) the 
number of heart beats per unit time; and (4) the 
frequency and depth of the respiratory movements. 
These are, in fact, the major boundary conditions which 
control the release of respiratory gases. K. Vierordt 
had definitely pinpointed some of the important 
factors in gaseous exchange. His hypotheses none- 
theless faced a major difficulty; there was not enough 
evidence available on any of the factors he mentioned 
to form a proper evaluation of their exact role and 
mode of operation. His faith in the role of pressure 
was not substantiated. Neither the exact gaseous 
content of the blood nor the exact number of red cor- 
puscles was known. 

Vierordt, convinced of the truth of his conjectures, 
proceeded to apply his theory and did what he felt 
necessary in spite of the lack of data. Vierordt’s 
mechanistic leaning provided a rationale for over- 
looking these difficulties. Like Valentin he believed 
that the necessary facts would never be exactly known. 
Therefore he idealized these physiological problems 
by arithmetic generalizations. Vierordt also ex- 
pressed an opinion on the mechanism of exchange in 
the lungs. He basically agreed with Valentin that 
the exchange of gases in the lungs was under the in- 
fluence of Graham’s law of diffusion. But Vierordt 
understood that the application of this law to biology 
required modification. Vierordt accepted the dis- 
coveries of the bound state of respiratory gases, the 
varying absorptive power of tissues for different gases 
of the atmosphere, and the moist mucous-filled cavity 
of the lungs. As one might suspect, Vierordt was 
familiar with C. Ludwig’s criticisms of Valentin’s 
work on respiration. Therefore, Vierordt coined the 
term “‘parenchymous diffusion" which, in effect, was 
a mechanical concept of secretion: 


289 Thid., pp. 174-175. 
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Wir miissen desshalb einen in den Lungen vor sich 
gehenden Gasaustausch unterscheiden, den wir atmos- 
phérische Diffusion nennen wollen, und einen demselben 
adäquaten Gasweschel zwischen dem Blut und den 
Kórpertheilen, welchen Process wir als farenchymatóse 
Diffusion bezeichnen kónnen. Beside Akte müssen in 
genauester Uebereinstinmmug erfolgen; in demselben 
Zeitraume, in welchem eine gewisse Portion Kohlensäure 
aus den Organen in das Blut ausgeschieden wird, muss 
dieselbe Quantitát dieses Gases aus dem Blute in die 
Lungen entweichen, wenn der Gasgehalt des Blutes sich 
gleich bleiben und der Organismus keine Stórung erfahren 
soll. Die Organe verhalten sich demnach in Bezug auf 
ihren Gasgehalt und ihre Gasausscheidung zu dem Blute, 
wie das Blut sich zu dem in den Lungen befindlichen 
Gasgemische verhält. Das Blut nimmt die Kohlensäure 
der Organe, die Luft in den Lungen dagegen nimmt die 
Kohlensäure des Blutes auf. Dasselbe gilt in umgekehrter 
Richtung von der Aufnahme des Sauerstoffes.?! 


Unfortunately Vierordt's work was usually linked 
with Valentin's and rejected. It was the quantitative 
generalizations and references to diffusion which 
caused many scientists to doubt the credibility of his 
work. Ludwig, in particular, attacked Vierordt’s 
estimates of red blood corpuscle numbers and calcu- 
lation of the total gas content of the lung. Vierordt’s 
work was not given the attention it deserved until 
much later in the nineteenth century—principally 
after he and others devised more accurate methods of 
counting red blood corpuscles.?? 

Vierordt suggested that the controlling agents in 
the respiratory exchange between man and his en- 
vironment were the concentration of carbon dioxide 
in the lung and the pressure of these gases in the at- 
mosphere as well as in the lung. He offered a large 
number of observations which pointed to the impor- 
tance of carbon dioxide concentration in the lung, but 
his data were not sufficient to make any real state- 
ments about the influence of pressure on the exchange 
mechanism. Almost twenty-five years later Paul 
Bert (1833-1886) read  Vierordt's treatise and 
commented : 


La théorie de Vierordt de rapproche peut-étre on peu 
plus des faits; il est certain que les lois de Dalton sur la 
dissolution des gaz dans ses rapports avec les pressions 
qu'ils supportent, doivent intervenir partiellement dans 
l'échange des gaz pulmonaires. Mais la présence d'une 
membrane animale, d'une part, et, d'autre part, les 
combinaisons que contractent dans le sang l'oxygéne et 
l'acide carbonique, modifient incontectablement, et cela 
dans une proportion inconnue, l'application rigoureuse de 
la loi physique.79? 


— Interest in exact measurement of inspired and ex- 
pired air had grown intense by 1840. Several 
scientists attempted to measure these gases in closed 


? Physiologie des Athmens (1845), p. 222. 
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systems, i.e., where the entire animal was inclosed in 
a bell jar and the air supply closely monitored.* The 
return to a Lavoisier type apparatus was prompted 
by differences of opinion on how important the total 
body surface might be in the exchange of respiratory 
gases.95 Clearly the best of these efforts can be found 
in the lengthy paper published by the chemist- 
physician V. Regnault (1810-1878) and the agrono- 
mist J. Reiset (1818-1896) in 1849.26 They were the 
first to define the ratio we now term the respiratory 
quotient.?7 Regnault and Reiset cleared away many 
of the troubling points which had been raised against 
the doctrine of Lavoisier. Since so much work on 
respiration employed amphibians, the question of 
mammalian cutaneous respiration became a genuine 
concern. 'They found that neither perspiration nor 
nitrogen gas was of major concern in the study of 
respiration.93 Their vast number of experiments 
with amphibians, birds, and small mammals showed 
beyond a doubt that less carbon dioxide was exhaled 
than oxygen inhaled. No extremes of mechanistic 
philosophy jeopardized their results. 


LE BÉLAN 


The course of events between Lavoisier's 1777 paper 
and the "modern" view of respiration can no longer 
be considered as an ever-closer to the truth, ascending 
graph. His results were cast into an integrated theory 
and judged on this basis alone. As has been shown, 
it is highly probable that Lavoisier hoped that his 
work would become a fundamental theory of the 
animal organism. Perhaps, had the Revolution not 
cut short his life, his theory would have become more 
satisfying as a unified construct. As his published 
work stood by 1790, it could not provide a satis- 
factory explanation of the physiological problems 
which troubled thinkers of the early nineteenth 
century. The issues comprising "respiration proper" 
were not central to Lavoisier's concepts of animal heat 
and metabolism, but they were basic physiological 
questions which required answers. Lavoisier’s pro- 
nouncements on "respiration proper" were slowly 
undermined by data collected over the first third of 
the century. The revisions which arose in the 1830's 
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emphasized blood-gas research, but dealt with several 
problems. The interrelationships of chemical theory, 
accepted physiological knowledge, and the tenets of 
"respiration proper" were equally involved in the 
reformulation. 

The biophysical school has received a great deal of 
attention in recent years, yet their initial attempt to 
explain respiration was somewhat less than successful. 
Time and time again physicians and physiologists 
turned to chemical evidence in order to support, 
modify, or reject a theory. The impact of Lavoisier 
and the largely unexplored group of Parisian organic 
chemists were of paramount importance in condition- 
ing biomedical research. The proclivity for chemical 
rather than physical methods appears as a distinct 
trend early in the century. In addition to the 
Parisians, the Edinburgh medical chemists, Humphry 
and John Davy, Lazare Spallanzani and Justus von 
Liebig were famous adherents. As shown previously, 
chemical techniques were best suited to "respiration 
proper" which deserves recognition as a major aspect 
of respiratory research. The literature on "'respira- 
tion proper" when compared with published experi- 
ments on animal heat was enormous. The inherent 
consistency of the problems comprising ‘‘respiration 
proper" followed a path of their own yet were im- 
portant enough to have become a testing ground for 
the methodological crises in mid-century biomedical 
research. 

Many of the inadequacies in Lavoisier's research on 
"respiration proper" were more apparent than real. 
For a time physiologists erroneously believed that the 
volume of carbon dioxide exhaled was equal to the 
volume of oxygen inspired, that water was not formed 
out of portion of inspired oxygen, and that nitrogen 
might have a physiological purpose in respiration. 
Other true shortcomings were too obvious to ignore. 
The concept of a direct combination of oxygen with 
Hydrogen or carbon within the blood or in the lungs 
faced insurmountable difficulties. There was no 
known route for the carbon which would allow it to 
travel exclusively in this venous system so as to 
darken only venous blood. Nor could anyone explain 
how carbon combined with oxygen at body tempera- 
tures. The existence of carbon dioxide rather than 
carbon was believed to be an acceptable release from 
these difficulties. Several alternative theories were 
developed after 1820; the majority of them could re- 
solve all of these issues by claiming that carbon dioxide 
was an organic secretion (Coutanceau, de Martigny, 
J. Davy). The ability of oxygen to color venous blood 
red led many to speculate on the existence of oxygen 
in blood. Interest in the possible existence of gases 
in the blood rose considerably. H. Vogel (1815), 
E. Mitscherlich et al. (1834), and W. Stevens (1835) 
were successful in extracting carbon dioxide from the 
blood. Several hypotheses (contra-Lavoisier) were 
brought forth to explain the physiological aspects of 
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respiration.?? Either the source of carbon dioxide or 
the mechanism of gas exchange was stressed in these 
hypotheses. Only after the presence of oxygen in 
blood was confirmed could a particular theory tem- 
porarily command the attention of the scientific com- 
munity. Gustav Magnus (1837), who used a Torri- 
cellian vacuum for the first successful oxygen extrac- 
tion, stressed the mechanical interpretation of gas 
exchange. 

Henceforth blood-gas analyses became the testing 
ground for explanation in all facets of respiration. 
While attempts to explain the physiology of blood 
gases by physics alone were unsuccessful, such 
efforts did show that more oxygen was inhaled than 
reappeared as oxygen or carbon dioxide. Advo- 
cates of the chemical view were able to show that blood 
gases were in a bound state, but they provided no 
clearly defined alternative to the physical mechanisms 
they discredited. The excellent theoretical vision of 
Vierordt could not be tested because there were no 
quantitative data available for him to rely on. The 
immediate result was an impasse. In a review of 
research on respiration at mid-century John Reid 
stated: 


We are not, in the present state of our knowledge, in a 
condition to form any thing like an accurate estimate of 
the various circumstances which regulate this interchange 
between the oxygen of the air and the carbonic acid gas of 
the blood. . . 3” 


If the era did not lead to definitive answers, the 
definitive questions were formulated. Carl Ludwig 
and Karl Vierordt called for quantitative analyses of 
blood gases. Emile Fernet (1829-1891) and Lothar 
Meyer (1830-1895) following up Liebig’s speculations 
with methods developed by R. Bunsen (1811-1899) 
established beyond a doubt that chemical laws govern 
blood-gas mechanisms. The apparent separate paths 
of the respiratory gases, carbon dioxide concentrated 
in the serum, and oxygen concentrated in the cor- 
puscles marked the beginning of a decline in the con- 
cept of a direct combustion in the blood. Theories of 


29 Henri Milne-Edwards, Lecons sur la physiologie (1857) 2: 
pp. 459-462, 467, 471; C. Léwig, Chemie der Organischen Ver- 
bindungen (1846) 1: pp. 682-683; Henri V. Regnault, Cours élé- 
mentaire de chemie (6th ed., Paris, 1869) 4: pp. 514—517; F. Simon, 
Animal Chemistry, Engl. tr. (1845) 1: pp. 132-133; J. Schloss- 
berger, "Die Lehre von der Beziehung des Athmens zur Blutum- 
wandlung," Roser's Arch. 5 (1846): p. 261. 

$9 John W. Draper, Human Physiology (New York, 1856), 
pp. 154-155, 163-165; Schlossberger, ‘‘Die Lehre von der Bezie- 
hung des Athmens zur Blutumwandlung ... ," Roser's Arch. 
(1846): pp. 278-279; Jules Gavarret, De la chaleur produite par les 
etres vivantes (Paris, 1855), p. 262; J. Müller, Handbuch (1844) 1: 
p. 268. 

$1]. Reid, “Respiration,” The Cyclopaedia of Anatomy and 
Phystology, ed. by Robert B. Todd (London, 1847-1849) 4: pp. 
346, 351, 353; Carl Lówig, Chemie der organischen Verbindungen 
(1846) 1: p. 683. 

#2 J. Reid, “Respiration,” The Cyclopaedia of Anatomy and 
Physiology, ed. by Robert B. Todd (London, 1847-1849) 4: p. 363. 
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physiological chemistry suggested a more circuitous 
fate for oxygen. Carl Ludwig beginning in 1855 
worked for twenty years toward establishing quanti- 
tative standards on blood gas which were definitive 
until the turn of the century. 

The complexities of the respiratory process were at 
least sufficiently understood that no rash generaliza- 
tions would appear which claimed to account for all 
of the various elements involved in the physiology of 
respiration. Any new theories which were developed 
came only after the performance of very accurate ex- 
perimentation. The answer lay in combining the 
physical and chemical techniques just reviewed instead 
of pitting one against the other. During the third 
quarter of the ‘nineteenth century German physi- 
ologists, especially Ludwig's group in Leipzig, drew 
the chemical and physical strands together and con- 
structed a theory of "external" and "internal" respi- 
ration. J. Schlossberger voiced the goal in an 1846 
review of the competing and contradictory theories of 
respiration : 


93 For details on developments after 1850 see C. A. Culotta, 
"A History of Respiratory Theory: Lavoisier to Paul Bert, 1777- 
1880," University of Wisconsin doctoral dissertation (University 
Microfilms, 1968), pp. 203-528. 
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Das Athmen hat in seinem Vorgang, und jedenfalls in 
seinem ersten Akte, ein physikalisches Moment (Austausch 
Entbindung von absorbirten, und Absorption von unge- 
bundenen Gasen); dann wenigstens in seiner weiteren 
Auffassung und namentlich in seiner Beziehung zum 
Blutleben ein chemisches Moment (Vermittlung der 
Blutumbildung und der dadurch ermóglichten Prozesse). 
Endlich, da kein dem Leben so unentbehrlicher, und in 
das Innerste des Organismus so wesentlich eingriefender 
Vorgang ohne Wechselwirkung mit dem Nervensystem, 
und da kein lebendes Blut ohne Solida, und kein Organ 
ohne den Wechselverkehr mit der allgemeinen. 

Bildungsflüssigkeit gedacht werden kann, entscheiden 
ein vitales, oder wenn man den verpónten Namen ver- 
meiden will, ein physiologisches Moment.?* 


By 1850 the formation of water and the respiratory 
quotient were understood; with a full-scale study of 
blood gases underway, the remaining issues of “‘respi- 
ration proper," the site of respiration, the color of 
blood, and combustion via intermediary metabolism, 
would follow by 1875.95 By the end of the century 
the overriding importance of "respiration proper” as 


a focus of research was lost to all but the historian. 
34 J. Schlossberger, "Die Lehre von der Blutumwand- 
lung... ," Roser's Arch. 5 (1846): p. 263. 
996 Loc. cit., fn. 303 above. 


APPENDIX * 


! Data compiled by Magnus . Magnus's data becuse 2o a standard volume 
Blood i 
Animal Exp. Sande Blood ————Ó————— 
trial # volume source 
(cc.) Total vol. Total vol. 
extrac. No CO; Os extrac. Ne CO: O: 
gas cc. gas cc. 
Horse 1 125 A 9.8 2.5 5.4 1.9 7.85 2.00 4.33 1.52 
2 205 V 12.2 1.1 8.8 2.3 5.95 0.54 4.29 1.12 
3 195 V 14.2 1.7 10.0 2.5 7.29 0.87 5.14 1.28 
Old horse 1 130 A 16.3 1.5 10.7 4.1 12.54 1.15 8.24 3.15 
2 122 A 10.2 1.0 7.0 2.2 8.37 0.82 5.75 1.81 
3 170 V 18.9 4.0 12.4 2.5 11.15 2.35 7.3 1.47 
Calf 1 123 A 14.5 1.6 9.4 3.5 11.80 1.3 7.65 2.85 
2 108 A 12.6 2.6 7.0 3.0 11.66 2.4 6.48 2.78 
3 153 V 13.3 1.3 10.2 1.8 8.70 0.85 6.67 1.18 
4 140 V 7.7 0.6 6.1 1.0 5.5 0.43 4.36 0.72 





* Slide rule approximations. 


The following table is derived from Magnus's data as standard- 
ized above. Correlations are based upon the stated variations 
in gasous content of venous and arterial blood. The results 
show a great deal more variation than Magnus suggested. 


Ratio of Ratio of 


Blood Exp. venous carbon Estimated CO 
source | trial # | nioge | dioxide ox g onion | Production 
nitrogen oxygen 
A 1 — 2.85 0.4 i 
A 2 — 3.8 0.24 0.81 
V 3 4.0 
A 1 2.6 1.68 T 
A T 3:2 0.34 1.55 
V + 4.9 
A 1 — 2.7 2.13 id 
A 2 — 2.3 1.6 ? 
V 3 — 5.7 1.6 0.19 
V 4 — 6.1 2.06 * 
* = More carbon dioxide in the arteries than in the veins. 
-F = More nitrogen in venous than in arterial blood. 
— = Less nitrogen in venous than in arterial blood. 
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